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ABSTRACT 


The  purposes  of  this  research  were  to  Investigete  the  burning  rate  . 

a 

of  a  composite,  solid  propellant  in  a  rocket  motor  and  to  perform  a  comparison 
with  results  of  the  earlier  Princeton  research  on  the  burning  rate  of  a  strand  of 
composite,  solid  propellant  which  led  to  a  theoretical  burning  rate  law.  The 
role  of  radiative  energy  feedback  to  the  propellant  surface  was  of  special 
ihterest  In  this  research. 

A  rocket  motor  incorpo'^atlng  Interchangeable,  grains,  and  Inter¬ 
changeable  nozzles,  which  a  I  lowed  progress!  ve  burning  between  var,*ous  i  i 
pressure  levels,  was  developed.  Chamber  pressure  versus  time  was  recorded  during 
each  motor  firing.  By  equating  the  rate  of  production  of  combustion  products 
from  the  solid  propellant  to  the  flow  rate  of  combustion  products  out  of  the 
nozzle  an  Instantaneous  burning  rate  for  an  Instantaneous  chamber  pressure  was 

calculated.  It  was  found  that,  in  general,  the  burning  rate  In  the  rocket 

# 

motor  at  any  specified  pressure  was  less  than  that  of  a*  strand  burning  at  the 
same  pressure.  A  detailed  investigation  of  the  reasons  for  this  unexpected 
behavior  has  been  Initiated,  but  with  no* def Initi ve  results  as  yet. 

The  energy  feedback  due  to  the  presence  of  radiative  heat  flux,  and 
Its  effect  on  the  burning  rate  In  a  rocket  motor,  was  investigated.  In  particular, 
the  radiation  flux  from  the  central  gas  column  incident  upon  the  propellant 
surface  was  theoretical ly  computed.  The  values  obtained  proved  to  be  of  the  same 
order  of  magnitude  as  the  measured  radiation  flux  from  the  active  flame  zone. 
However,  preliminary  experimental  results  showed  the  radiation  flux  from  the  hot 
gas  column  to  the  propellant  surface  to  be  approximately  twice  that  received 
from  the  flame  zone.  This  radiative  feedback  wa’s  expected  to  make  the  burning 


V 


rat*  in  a  rockat  mator  higher  than  that  of  a  strand  at  tha  same  prasaure.  As 
noted  above,  this  was  opposite  to  the  experimentai  resuit. 

It  is  concluded  that  more  exact  measurement  of  the  burning  rates, 
particularly  In  a  rocket  motor  at  constant  pressure,  should  be  made.  At  this 
point,  there  are  only  two  possibilities  to  explain  the  burning  rate  discrepancy 

e 

notedt  one.  a  fundamental  difference  between  large,  enclosed  flames  and  small, 
open  flames  not  yet  disclosed  in  the  current  analysis;  two.  an  unidentified  error 
associated  with  the  determination  of  burning  rates.  The  next  step  should  be  to 
check  the  latter  possibility. 


.  TABLE  Of  CONTENTS  . 


TITLE  PAGE 

ACKNOWLEDGEMENTS 

ABSTRACT 

TABLE  OF  CONTENTS 
LIST  OF  FIGURES 

CHAPTER  I  INTRODUCTION  AND  OBJECTIVES  OF  RESEARCH 

I.  Summerfleld  Burning  Rate  Theory  of  Composite 
Solid  Propel lantst  Early  Tests  and  Resul ts 

1}.  Experimentally  Noted  Differences  In  Rocket 
Motor  and  Strand  Burning  Rates 

III.  Effect  of  Rad  I  at  1 0/1  on  Composite  Propellant 
Burning  Rates 

IV.  The  Strand  Eiurner  as  a  Solid  Propellant 
■  Research  Tool 

CHAPTER  II  BURNING  PATE  DETERMINATION  FROM  ROCKET  MOTOR 
EXPERIMENTS  WITH  RADIAL  BURNING  GRAINS 

•  I.  Grain  and  Rocket  Motor  Configuration — 

Criteria  and  Design 

II.  Final  Rocket  Motor,  Nozzle  and  Grain 
.  Dimensions*  •  • 

III.  Grain  Preparation 

IV,  Pressure  Recording  Systems  . 

•.  V,  Initial  Test  Results 

•  • 

VI.  Data  Reduction  Procedure 

VII.  Final  Results  of  Motor  Tests  and  Comparl^n 
With  Strands  * 

CHAPTER  Ili  EFFECT  OF  RADIATION  ON  THE  BURNING  RATE  OF  SOLID 

PROPELLANT  IN  STRANDS  AND  MOTORS 

.  •  • 

e 

I.*  Theoretical  Analysis  Showing  4rDue  to 
•  Radiation 

• 

II.  Investigation  of  Flame  Zone  Radiation  and 
Results 


TABLE  OF  CONTENTS  (Continued) 

Page 

III.  Theonef I cal. Investigation  of  Radiant  Energy 


Feedback  In  a  Rocket  Motor  25 

e 

IV.  Experimental  Measurement  of  Radiant  Energy 

of  Combustion  Products  In  Rocket  Motor  27 

CHAPTER  IV  FINAL  STATEMENT  ON  EXPERIMENTAL  COMPARISON  OF 

BURNING  RATE  OF  SOLID  PROPELLANT  IN  STRANDS  AND 

ROCKET  MOTORS  31 

1.  Summary  of  Predicted  and  Experimentally 

Determined  Results*  31 

il.  Errors  Involved  In  the  Calculation  of  the 

Motor  Burning  Rate  32 

'  III.  Conclusions  and  Suggestions  for  Further 

Research  34 

REFERENCES  36 

APPENDIX  It  TABLE  Ij  Final  Design  Dlnjenslons  for  Rocket 

Motor  and  Grains  ’  I- I 

.  TABLE  II*.  Density  of  Rocker  Motor  Propellant 

From  Several  Batches  of  Propellant  1-2 

APPENDIX  IIs  1.  Data  Reduction  Procedure;  Calculation  of 

Burning  Rates  From  Rocket  Motor  Tests  II- I 

*  2.  vSr*  Due  to  Rate  of  ^Gas  Mass  Increase 

In  Coflibustlon  Chamber  *  II-3 

3.  Error  Analysis  of  Data  Reduction  Procedure  II-5 

4.  Motor  Burning  Rato  Uncertainty  Analysis  II-9 

APPENDIX  Illi  1.  Calculation  of  Radiant  Energy  Flux  to 

•  Grain  Burning  Surface  *  III-I 

■ 

2.  Prediction  of  Radiant  Energy  Received  by 
Radiation  Thermocouple  During  Motor  Test 

arfd  Comparison  With  Experimental  Results  IZI-6 

APPENDIX  IV j  Burning  Rates  Determined* From  Strands  of 

Composite,  Solid  Propellant  ,  IV- I 

APPENDIX  Vi  Grain  Construction  and  Motor- Firing  Procedure 

Grain  Construction:  .  V-l 


FIGURES 


VI 


i  ' 

i^IGURE 

1 

2 
3 

*4 

5 

6 

7 

8 

9 

10 
1 1 
12 

13 

14 

15 

16 

17 

18 

19 


LIST  OF  FIGURES 

TITLE 

• 

strand  Burner  Configuration;  Modified  to 
-Include  Chimney  and  Quench  System. 

Strand  Burner  with  Strand  in  Place 

Typical  Strand  Burning  Surfaces,  Quenched 
Burning 

Wax  Molds  for  Extruded  Strands  ♦  , 

Burning  Rate  vs  Pressure  Curve  for  1/4"  Strands 
of  80:20  Rocket  Motor  Propellant 

Kn“Pc  Curve  for  75:25  Propellant  (aft^ 
Sutherland  (5)),  and  Experimental  Curve 

Nozzle  Assembly  and  Typical  Nozzle 

Exploded  View  of  Burst  Disc  Assembly 

.  • 

Thrustmount  Assembly;  Rocket  Motor  In  Place 

Assembly  Drawing  of  Rocket  Motor 

Grain  Molds:  Exploded  and  Assembled  Molds 

Grain  Port  Plugs  -  Before  and  After  Installation 
In  Grain 

I nh I b I  tor  Mo  1 d 

Igniter  Circuit  Schematic 

Schematic  of  Water  Quench  System  and  Water 
Injector 

Quenched  Motor  Grain  Showing  Burned  Holes 

Pressure-Time  Trace^ Recorded  for  Quenphed 
Motor  Test  Replotted  on  Rectilinear  Paper* 

Closeup  Photograph  of  Quenched  Grain  Showing 
Indentation  of  Burning  Surface^  at  End  of  Grain 

Typical  Rocket  Motor  Pressure-Time  Recorder 
Record 


20 


Typical  Rocket  Motor  Pressure-Time  Trace 
Replotted  on  Rectilinear  Paper 


LIST  OF  FIGURES 


najBE 

21 


22  Strand  Burner  with  Optical  Window  for  Flame 

Radiation  Study 

23  Schematic  of  Equipment  Used  to  Obtain  Radiation 

Measurements  From  Combustion  Gases  In  Experimental 
Rocket  Motor 

24  Typical  Radiation  vs  Time  Trace  From  Rocket 

Motor  Radiation  Experiments 


TITLE 

Comparison  of  Rocket  Motor  and  Strand  Burning 
Rates  as  a  Function  of  Pressure 


I 


CHAPTER  I 

INTROOXTION  AND  OBJECTIVES  OF  THE  RESEARCH 


Tests  and  Results. 

Early  research  on  the  properties  of  burning  solid  propellants 
revealed  that  the  burning  rate  was  a  function  of  the  gas  pressure  to  which 


the  propellant  was  subjected.  Initially,  double-base  propellants  were  used 
and  studied,  and  a  fairly  complete  understanding  of  their  combustion  process 

t 

was  isbtalned.  Double-base  propellants  are  a  homogeneous  mixture  of  nitro¬ 
cellulose  and  nitroglycerine.  Later,  composite  propellants  consisting  of  a 
fuel  matrix  acting  as  a  binder  for  solid  crystals  of  oxidizer  evenly  distributed 
•  In  the  formulation  were  developed.  Several  empirical  burning  rate  laws  such 
as  Muraour's  Law  (r  ■  a  +  bp)  ,  St.  Robert's  Law  (r  =  bp''  where  0.3^n^0,7) 
and  a  combination  of  the  two  (r  ■  a  +  bp''  )  were  applied  but  were  found  to 
be  vail'd  for  composite  propellant  combustion  only  over  short  pressure  ranges. 
This  situation  meant  that  many  tests  had  to  be  made  In  order  to  obtain  even 
an  empirical  description  of  the  burning  rate-pressure  relatic.ship  for  any 
particujar  propellant  —  a  very  time  consuming  tasK.  In  order  to  fill  the  . 
voldof  understanding  concerning  composite  propellant  combustion  and  to 
determine  a  burning  rate  law  applicable  over  a  wide  pressure  range.  Professor 
Martin  Summerfleld  proposed  a  so-called  granular  diffusion  flame  model  for 

composite^,  solid  propellant  combpstlon.  The  relationship  resulting  from  this 

• 

model  was  tested  with  solid  propellant  strand  data  and  found  to  agree  very 

•  • 

well  with  the  experimental  results  (i).  This  relationship  is  of  the  form: 

l/r  -  a/p  +  b/p^*^^  • 


2. 


In  the  above  equation,  (a)  Isa  constant  determined  by  the  clienUcal 
kinetics  o.t  the  combustion  which  are  rate-controlling  at  low  pressures, 
and  (b)  Is  a  constant  determined  by  the  diffusion  characteristics  of 
the  fuel  and  oxidizer  vapors,  which  are  rate-controlling  for  combustion 
at  high  pressures  (1). 


A'  strong  test  of  any  composite,  solid  propellant  burning  rate  law 
Is  how  we  1 1  It  predicts  the  burning  rate  as  a  function  of  pressure  In  actual 
application.  Prediction  of  burning  rates  of  composite  propellant  strands 
using  the  Summerfield  granular  diffusion  flame  theory  of  combustion  was 
indeed  accurate  when  cor.ipared  with  the  experimental  results  obtained  from 
burning  strands.  The  accuracy  with  which  the  theory  could  predict  the* 
burning  rate  of  composite  propellant  In  an  actual  rocket  nxvfor  still  remained 
to  be  determined  by  experimental  tests  however.  It  was  my  plan  to  conduct 
•  these  tests.  In  general,  results  of  Industrial  tests  showed  that  the  burning 
rate  of  propellant  In  a  rocket  motor  differed  markedly  from  that  of  a  strand 
of  Identical  propellant;  in  most  cases  the  burning  rate  In  a  rocket  rrotor 
was  said  to  be  greater  than  that  of  a  strand,  though  In  some  cases  the  reverse 
was  found  for  unexplained  reasons.  It  was  postulated  that  a  '‘scale”  effect 
existed  between  a  rocket  motor  grain  end  a  propellant  strand  due  to  the 
different  conditions  under  which  cambustlon  took  place  In  the  two  cases. 
Thewnost  obvious  reason  for  the  existence  of  this  so-called  scale  effect 


Is  the  effect  on  the  burning  rate  of  radiant  energy  feedback  to  the  propellant 
surface.  Other  factors  yet  unknown  may  contribute  to  cause  this  scale  effect. 
•It  was  decided  to  investigate  theoretically  and  experimentally  the  magnitude  of 
the*radiant  flux'  from  the  combustion  gases  incident  upon  the  surface  of  • 


3. 


burning  composite  solid  propellant,  and  consequently  to  test  the  applicability 
of  the  granular  diffusion  flame  theory  of  composite  propellant  burning  rate 
to  rocket  motors, 

III.  Effect  of  Radiation  on  Composite  Propellant  Burning  Rates 

a 

The  original  development  of  the  Summerfleld  granular^diffuslon 
flame  theory  assumed  that  radiation  was  a  negligible  mode  of  energy  transfer 
to  the  burning  surface  of  a  composite,  solid  propellant  compared  with  cqnductlon 
from  the  flame  zone  to  the  propellant  surface.  The  change  In  burning  rate 
due  to  the -Inclusion  of  terms  corresponding  to  radiant  heat  transfer  in  the 
qranular  diffusion  flame  theory  was  developed  by  Profjessor  Summerfleld  and 
ls_reylewed  later  In  this  thesis.  Results  are  presented  in  (2)  and  In  this 
thesis.  The  possible  sources  of  radiant  energy  are  the  thin  reaction  zone  of 
the  solid  propellant  flame  and,  in  a  rocket  motor,  the  hot  combustion  gases 
present  In  the  central  grain  cavity  or  "core”. 

Experimental  determination  of  the  radiant  energy  from  the  * 

propellant  flame  was  performed  by  D.  W.  Blair.  CZX,  (9),  (II).  a  theoretical 
prediction  of  the  radiant  heat  transfer' from  the  hot  combustion  gases  to  the 
propellant  grain  in  the  experimental  rocket  motor  and  an  experimental  check 
of  the  validity  of  the  prediction! was  my  task. 

In  making  these  tests  It  was  hoped  that  a  reliable  e^luatiori  of 
the  role  of  radiant  energy  in* sol  id  propellant  combustion  could  be  made  anu 
consequently  r^eal  the  general  applicability  of  the  modified  Summerfleld 
granular  diffusion  flame  theory  for  the  analytidbl  determination  of  composite, 
solid  propellant  burning  rates.  . 


Use  of  th&  granular  diffusion  flame  theory  of  composite  propellant 
burning  rates  Is  dependent  upon  the  accurate  determination  of  the  parameters 
(a)  and  (b)  from  measurements  made  from  burning  strands.  Accurate  measurement 
of  these  paramofers  Is  possJble  only  If  the  research  tool  used  Is  capable  of 
producing  data  having  a  low  scatter.  Since,  at  present,  the  strand  burner  is 
the  usual  research  tool.  It  was  decided  to  investigate  the  desirabiiity  of 
using  strands  for  burning  rate  measurements  and  to  develop  the  strand  burner. 

*  to  a  point  where  the  burning  rate  data  obtained  had  as  low  a  scatter  as 
possible,  preferably  or  less.  The  data  obtained  would  then  be  compared 

with  rocket  motor  burning  rate  data.  This  Investigation  (2,  9)  was 
performed  In  conJunct^pn  with  the  rocket  motor  tests.  A  summary  may  be  found 
in  Appendix  IV.  The  results  of  this  Investigation  and  strand  burner 

development  Indicated  that  the  random  errors  associated  with  measuring  the 

•  . 

burning  rate  of  a  given  diameter  sttand  might  be  kept  to  a  2$  standard 
deviation  or  less.  Typical  results  of  such  testing  were  obtained  by  the  • 
author  from  1/4"  diameter  strai\ds  of  propellant  Identical  with  the, propel  lent 

used  in  rocket  motor  tests  and  are  shown  In  Figure  5.  The  random  scatter  In 

•  • 

these  tests  was  less  than  1$  standard  deviation. 


5. 


CHAPTER  II 

BURNING  RATE  DETERMINATION  FROM  RXKET  MOTOR 
EXPERIMENTS  WITH  RADIAL  BURNING  GRAINS 


I.  Go 


cet  Motor 


luraT  Ion— 


*.  In  a  solid  propellant  rocket  motor  the  chamber  pressure  variation 

with  time  Is  reliated  directly  to  the  area  of  burning  surface  of  the  propellant 
for  a  fixed  nozzle  diameter.  There  are  three  general  classifications  of 
pressure-time  relations  In  a  solid  propellant  rocket  motor  using  any  particular 
grain  design  and  its  associated  burning  surface.  These  classifications  are 
called  pi^ogressi ve,  neutral,  and  regressive  burning  characteristics  and  directly 
Indicate  the  manner  In  which  the  acea  of  propellant  burning  surface  varies  with 
time  (6),  A  progressive  burning  cherabter I st Ic  Indicates  that  the  burning  area 
of  the  propellant  Increases  with  time,  resulting  In  a  continuous  chamber  pressure 
Increase,  Regressive  burning  Is  the  converse  of  progress fve^ burning  and 
Indicates  that  the  chamber  pressure  decreases  with  time, while  a  neutral  burnifig 
characteristic  means  that  the  chamber  pressure  In  the  r^kot  motor  remains 
constant  with  time*  during  the  firing.  There  ore  comb.l  nat  lone  of  these 
characteristics  due  to  special  grain  design  but  th'eso  need  not  concern  us  at 
this  time. 

•  • 

Experimentally,  It  has  been  found  that  the  bflrning  rate  of  a 

solid  propellant  is  a  function  of  the  pressure  on  the  burning  surface  of 

.  • 

the  propellant.  A  progressive  burning  grain  was  used  because  It  reduced  the 

necessary  number  of  rocket  motor  test  firings  by  providing  data  over  a  range 

•  • 

of  pressures  In  a  single  firing.  A  cylindrical  grain  having  a  cylindrical 
Inside  port  was  chosen.  This  grain  would  burn  radially  outward  from  the  port 
surface  and  provide  an  increasing  burning  surface  and  chamber^ pressure.  In 
theory,  the  surface  of  this  •grain  would  be  a  series  of  concentric  cylinders  of 


6. 


constant  length.  This  would  make  rel<3tlve|y  simple  the  analysis  necessary 
to  obtain  the  burning  rate  versus  pressure  curve  of  the  propellant  from  the 
test  firing. 


In  the  actual  design  of  the  radial  burning  grains  to  be  used  In 
these  tests,  several  related  factors  had  to  be«consl dered.  These  factors 
were;  the  weight  of  propellant  that  could  be  formulated  at  one  time,  the  , 

prevention  of  erosive  burning  effects,  the  chamber  pressures  obtainable  from 
any  ratio,  Kij,  of  burning  surface  area  to  nozzle  throat  area^  and  the 

m 

minimum  nozzle  diameter  (to  be  greater  than  or  equal  to  1/4  Inch)  to  prevent  ' 
nozzle  constriction  from  thermal  expansion  during  firing.  Increased  burning 
rates  due  to  gas  flow  scrubbing  of  the  burning  surface  —  erosive  burning — were 
eliminated  by  u%ing  a  ratio  of  grain  port  to  nozzle  throat  area  greater  than  , 
or  equal  to  10.  The  ratio,  Kj^,  as, a  function  of  chamber  pressure  for  a 
typical  propellant  used  In  the  Princeton  University  research  on  solid  pro¬ 
pellants  was  calculated  from  the  equation 


pressure,  psi 
burning  rate.  In/sec 
acceleration  of*gravlty 

ratio  of  .combustion  gas  specific  heats,  1.235  (6) 
density  of  Solid  propellant,  0.0637  #/ln^ 
universal  gas  constant 

temperature  of  combustion,  assumed  to  be  adiabatic  flame 
temperature  ,  4260^R 

molecular  weight  of  combustion  products,  23.45^/mole 
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and  r  data  for  a  75:25,  P-13,  NH*CI0^,  propellant  were  obtained 
from  (5)  and  the  resulting  K^-Pc  curve  Is  shown  In  Figure  6.  The  weight  of 
propellant  that  could  be  formulated  at  one  time  was  formerly  600  grams. 

After  the  motor  and  grain  design  was  fixed  and  the  necessary  equipment 
constructed.  Improved  profJellant  formulation  procedures  enabled  me  to  make 
twice  this  amount^of_pr.opel  lant  at  one  time. 

The  first  step  In  designing  the  necessary  gre^ln  dimensions  was 
to  determine  the  nozzle  throat  diameter  using  the  above  mentioned  four 
factors.  This  was  done  by  writing  an  equation  for  the  weight  of  the  propellant 
grain  In  terms  of  the  ratios  mentioned  in  the  design  factors  and  solving 
for  the  throat  diameter. 


_ 


W  ■  weight  of  propellant,# 
d|  •  throat  diameter.  In. 

Ip  ■  density  of  propellant 
K|,j^  ■  value  of  K|^  at  start  of  combustion 
■  value  of  Kf^  at  end  of  combustion 


A  derivation  of  this  relatlen  is  given  Jn  Appendix  I.  The  port  diameter, 
grain  length,  and  outside 'grain  diameter  were  then  determined  by  the  equations: 


(3) 


^Jlo  • 


B. 


K*>, 


where 


dp  ■  port  diameter,  in 

L  ■  grain  length.  In 

D  ■  outside  grain  diameter.  In 


.(5) 


From  Figure  6,  the.  values  of  Kj^  were  found  for  the  desired  change 
in  charriber  pressure  during  the  motor  test.  Yhe  corresponding  grain  dimensions 
and  nozzie  throat  diameter  were  caicuiated  via  Equations  (2)  through  (5).  The 
grain  dimensions  arrived  at  by  the  preceding  method  of  calculation  did  not 
Include  the  Increase  in  grain  s,fze  due  to  the  necessity  of  Inhibiting  the 
grain  to  prevent  combustion  from  taking  place  anywhere  bi^t  on  tfee  grain  port 
surface.  A  l/B'  thickness  of  inhibitor. was  deemed  necessary  to  prevent  the* 
Initiation  of  combustion  on  any  surfaces.  At  the  time  that  this  consideration 
was  brought  to  I ight,  the  grain  molds  and  combustion  chamber  had  already  been 
constructed  and  the  maximum  Inhibitor  thickness  gn  the  low  pressure  grain 

could  be  only  1/16  inch.  It  was  later  found  this  thickness  was  sat  I  sf.actory 

•  • 

even  at  pressures  as  high  as  1000  psi.  The  medium  and  high  chamber  pressure 
grains  were  smaller  In  diameter  and  readily  permitted  a  1/0'  inhibitor 
thicknes^.  In  fact.  It  was  decided  to  use  enough  Inhibitor  on  the  outside 
cylindrical  portion  of  the  gralns’to  make  their  maximum  diameter  correspond 
to  the  Inside  diameter  of  the  rocket  comj^ustion  chamber.  This  eliminated  tlie 

necessity  of  providing  a  mechanical  support  for  each  grain  to  hold  It  in  the 

•  •  • 

center  of  the  combustion  chamber  (Fi«gu»es  12,  13), 
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Having  fixed  grain  dimensions  and  their  assoc lated  Tto22 le  diameters, 
the  physical  design  of  the  no22les  and  combustion  chamber  was  accomplished. 

Since  it  was  unnecessary  to  measure  the  thrust  level  of  the 
rocket  tfotor  to  determine  the  propellant  burning  rate,  a  simple  converging,  • 

I 

choked  no22le  design  was  used  for  each  range  of  chamber  pressures.  The 
no22les  were  made  Interchangeable  by  designing  them  to  be  slipped  into  the 
no22le  holder  plate  at  the  rear  end  of  the  moto^,  see  Figure  7.  A  metal- 
to'^ietal  seal  between  the  shoulder  of  the  no22le  block  and  the  no22le  holder 

plate,  utlll2lng  the  motor  chamber  pressure  to  provide  the  sealing  force, 

•  • 

prevented  the  combustion  products  from  escaping  anVwhere  but  out  the  no22le, 

• 

Figure  10.  The  nozzle  converged  at  a  30o  angle  to  the  throat  with  a  0,5  Inch 
radius  at  the  transition  to  the  throat  diameter.  Copper  wa^  used,  because  of 
Its  high  thermal  conductivity.  In  the  nozzle  block  -fo  prevent  nozzle  burnout, 

ond**a  ntolybdenuin  Insert  in  the  throat  section  prevented  nozzle  erosion  by  the 

•  • 

•liot,  high  velocity  rocket  exhaust.  Molybdenum  was  selected  for  the  nozzle  Insert 
*  •  •• 
iiKiterlal  because  of  Its  relatively  high  heat  conductivity  and  lack  of  chemical 

•  • 

reaction  In  the  reducing  atmosphere  of  the  rocket  exhaust.  No  measurable 

erosion  or  change  In  nozzle  dimeter  was  noted  In  the  process  of  rocket  motor 

testing.  Later,  an  ail  copper  nozzle  was  employed  for  somp  motor  tests 

without  any  measurable*eroslon,  raising  the  question  of  the  necessity  of  using 
•  •  • 
a  molybdenum  Insert  In  future,  short  run  duration,  motor  tests, 

.  It  was  decided  to  use  one  combustion  chamber  size  for  all  grains 

to  be  fired,  and  the  maximum  grain  length  and  diameter  fixed  this  size. 

A  spacer  between  the  front  wall  of  the  combustion  chamber  and  the  grain  was  used 

•  • 

In  each  case  to  supply  a  stagnant  pocket* of  gas  at  the  pressure  tap  and  leave 
room  for  Igniter  placement.  The  chamber  wall  was  designed  to  burst  at  4000  psig 
to  minimize  expioslon  hazard  in  case  of  a  motor  maif unction,  and  a  burst 
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disc  asscinLtly— disc  burst  pressure  was  3000  psig—  see  Flgur^  8,  was 
employed,  lo  facilitate  grain  loading  and  nuzile  changing,  the  nozzle 
holder  plate  was  designed  to  screw  Jj)ta..the  combustion  chamber  and  a  gas 

••  M 

seal  was  effected  by  a  spiral  wound,  met afl -asbestos  gasket  compressed 
between  the  nozzle  holder  plate  and  the  combustion  chamber.  The  motor 
mount  was  simply  a  section  of  I-beam  bolted  to  the  test  stand's  concrete 
floor  with  a  simple  A-frame  to  hold  the  motor  Itself. 


1 1 ,  I  Inal  Hock(3t  Mol 


Ml ) i /lo  and  Grain  Dimensions 


,  The  final  rocket  motor,  nozzle,  and  grain  dimensions  are  given 

ill  I'otjle  I,  Appendix  I;  more  details  of  the  rocket  motor  are  given  in  Figure  10 


III.  Oral 


'eoiirat  Ion 


The  propellant  formulation  used  In  making  solid  propellant 
grains  was  a  standard  type  used  In  previous  l^rlnceton  University  research. 
Tlie  basic  constituents  were  *ammon I  urn  perchlorate  crystals  for  the  oxidizer 
and  a  styrene  based,  polyeetor  resin  as  the  fuel. ••The  oxidizer  was  obtained 


from  American  Potash  and  Chemical  CcRnpany  designated  "Aerojet  As  Received." 

The  fuel  resin  was  obtained  from  Rohm  i  Haas  Company  and  had  the  designation* 

•  • 

"P-13."  The  composition  of  the  propellant  is  ^Iven  In  Table  I  with  the 

numbers  Indicating  percent  of  the  total  amJunt.  This  propellant  formulation 

•  •  • 

was  densely  loaded  with,  oxidizer  and  consequently  provided  combustion 

• 

conditions  closer  to  stoichiometric  fhan  any  other  Princeton  formulation. 

This  resulted  in  increased  combustion  efficiency  but  also  a  faster  burning 


rate  than  a  less  oxidized  propellant.  The  increased. burning  rate  meant  short 
firing  times  in  the  rocket  motor  with  only  a  small  increase  in  the  adiabatic 
flame  temperature.  Thus  the  heat  loss  to  the  rocket  motor's  metal 


ii. 


components  was  loss  than  that  loss  would  have  been  with  a  slower  burning 
propellant.  It  was  felt  that  the  decreused  firing  time  would  not  adversely 

affect  the  accuracy  of  the  data  obtained  from  the  chamber  pressure  versus 

—  . ^  • 

* 

time  trace  recorded  during  each  motor  test.  Furthermore,  the  very  viscous  * 

nature  of  this  propellant  made  It  easy  to  fill  the  grain  no  Ids  and  Insert 

the  mandrels  without  excess  propellant  from  the  mold  being  lost  through  spillage 


TABLE  I 


Rocket  Motor  Solid  Propel  I  ant 'Composition 
Designated  AP  60:20,  Princeton  University 


P  -  13 

Nuodex  Cobalt 

LecJ  th  I  a 

• 

NH4CIO4 


Unground 

Ground 


56.0 

24.0 


Total  Oxidizer 

Methyl  Ethyl  Ketone  Peroxide  (MEKP) 
Total  •  • 


19.75 

0.1 

0.1 


80.0 
*  0.05 
100.0 
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IV.  Pf f^sure  Recording  SVstems 

.  .  • 

Two  methods  of  obtaining  and  recording  the  chamber  pressure-f ime  > 

history  of  the  rocket  motor  during  a  test  wore  used,  both  being  tostod 

concurrently  to  ascertain  the  best  method.  The  first  method  uti  lifted  a  • 

miniature  slide-wire  potentiometer  type  pressure  transducer.  The  transducer  oul  put 

was  fed  Into  an  oscilloscope  set  tor  a  sweep  rate  of  one  centimeter  per  second 

and  e  photograph  taken  of  the  resulting  pressur»o  trace.  The  transducer 

was  mounted  on  the  floor  of  the  test  tell  to  eliminate  noise  signal  due  to  * 

vibration  during  firing.  The  second  method  used ‘a  bourdon  tube  sensing  element 

whose  deflection  was  recorded  on  a  chart  recorder.  The  complete  instrument 

was  made  by  the  Ester  I  I  no-Angus  Company.  In  both  cases,  the  pressure  sensing  • 

elements  were  protected  by  having  the  presstire  impulse  transmitted  to  them 

by  hydrau I ic» f 1 u i d  In  a  line  from  the  element  to  the  rocket  motor  chamber. 

In'the  case  of  the  Ester  1 1 ne-Angus  recorder,  the  line  was  of  a  much  greater 

length  and  was  fitted  with  a  needle  valve  to  act  as  a  snubber  for  most  6i 

the  high  frequency,  high  pressure  impulses  when  the  Igniter  wgnt  off.  It  was 

decided  that  the  Esfer  I  I  ne-Angus  recorder  was  the  best  ns  It  produce*d  a 

physically  larger  data  Image,  making  It  easier  to  reduce  the  errors  Involved 

In  calculating  the  I nstan faneous  burning  rote.  In  addition,  since  the 

•  • 

electric  pressurn?  transducer  had  a  range  from  0-3000  psig,  the  high  oscilloscope 

suusitiyil'y  necessary  tD  get  <5  useful  trace  at  low  maximum  chamber  pressures 

revealed  the  Integral  step“'l'rr'Th” output •cf  the  transducer  when  the  sliding 
•  .  .  .  • 
contact  changed  from  coll  to  coil.  TUI s  type  of  output  made  It  Impossible  to 

•  •  • 

get  continuous  chamber  pressure  versus  time  data.  The  only  disadvantage 

•  • 

In’using  the  Esfer 1 Ine-Angus  recorder  was  that  the  data  had  to  bo  roplotted  on 

rectilinear^  paper  before  the  pressure-time  trace  could  bo  used  to  obtain  burning 
•  •  •  *  •  * 
rate  data.*  This  reprjottlng  could  be  dorte  "hj  an  accuracy  of  about  5  psi  *from 

the  Ester  I  Ine-Angus  record  charts  which  was  wjthin  the  ±  10  psI  accuracy 
available  from  the  rocordor  Itself,  Due  to  the  presence  of  a  pressure  pulse 


13. 


9 

snubbor.  In  the  pressure  pickup  line  to  the  recorder,  the  response  time- 

was  known  only  to  be  of  the  order  of  1/4  to  1/2  a  second.  For  the  purpose 

•  •  ^ 

of  analysis,  the  start  of  steady“state  burning  was  assumed  to  be  when  the 


extrapolated  pressure  curve  made  an  Intersection  with  a  line  perpendicular 
to  the  tlme^xls,  drawn  from  the  time  of  Ignitor  discharge.  Although  thfs 
caused  a  slight  error  In  maSs  consumption  computations  because  the  chamber 
pressure  build-up  time  was  neglected,  the  mass  fraction  so  assumed  was  very 
small  compared  to  the  total  pro'pellant  mass  available. 


V.  Initial  Tost  Results 

•  # 

Initial*  tost  remits  were  qujte  disappointing  since  the  pressure- 
time  trace  obtafned  showed  a  rather  slow  tall  off — or  cessation  of  chamber 

.pressure  and  hence  burning — rather  than  the  sharp  cut-off  expected  frotn  a  • 

•  • 

.uniformly,  radial  burning  grain.  Several  explanations  arose— non-un I  form 

•  • 

Ignition  of  the  port  surface,  propel  I  ant  j^o  I  do,  cracking  of  Jho  grain  due  *. 

•  *  *  '  • 
to  a  high  pressure  Impulse  from  the  ignitor,  uneven  ignition  due  to  the 

Inbedding  of  hokt  Igniter  particles  deeply  Into  the  propellant  because  the 

Ignitor  had  been  placed  In  the  port  of  the  grain.  It  was  decided  that  an 

invest  I  gatjotl  of  the  propellant  burning  surface  should  be  mode  by  quenching 

tfie  grain  during  a  motor  test.  Consequently  a  water 'quench  I ng  system  was 

set  up,  see  Figure  15.  •  ,  • 

The  possibility  of  propellant  wids  causing  a  non-radlal  burning 

surface  was  Investigated  by  forming  some  grajns  at  a  75; 25  compos  I tloa,  which 

•  • 

was  very  soupy  in  the  uncured  stalke  and  easily  deaerated  during  the  grain 

molding  pi^ocess.  These  grains  exhibited  the  same  long  cut-off  period 

*  • 

originally  found  In  the  b0;20  grain  formulation.  This  Indicated  that 

propellant  voids  formed  during  the  groin  forntUlotlon  process  were  not  the 
cause  of  the  long  cut-off  period  (herein  referred  to  as  "tal l-of f  J') 
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Water  quenching  of  both  75:25  and  80:20  propellant  grains  with  the*  Igniter 
n laced  In  the  grain  port  showed  that  there  were  indeed  holes  In  the  radial 
burning  surface,  varying  l*n  diameter  from  about  one^half  Inch  to  one-and- 
one.half  inches,  but  no  evidence  of  grain  cracking  was  seen.  It  was 
concluded  that  hot  particles  of  the  igniter  were  imbedding  themselves  in 
the  propellant  surface  upon  Igniter  firing  and  causing  local  holes  to  be 
formed.  Figure  16', 

At  this  point  the  Igniter  must  be  described.  It  was  of  the  "Jelky 

•  •  • 
roil"  type  consisting  of  magnesium  powder  mixvid  Iq  a  slurry,  spread ‘even  I  y 

thick  on  a  cellophane  back,  and  allowed  to  dry.  The  subsequent  sheet  was 

e 

cut  Into  strips  and  rolled  around  an  electrical  squib.  It  could  be  made 

•  •  • 

In  any  desired  weight..  We  used  a  6gm  Jelly  roll,  made,  by  Special  Devices, 

e 

Incorporated  which  had  an  ignjtlon  time  to  Ignite  all  the  magnesium  powder 

of  approximately  20  milliseconds.  It  was  decided  to  obtain  a  "slow  acting"  • 

6gm ‘jelly  roll  and  at  the  s‘ama.time  develop,  an  Igniter  using  hot  gases  to 

Ignjte  the  propellant.  The- hot  gas  IgnfteTs  used  on  electric  match  Igniting 

a'^BlD  blackpowder  and  scrapings  of  solid  propeHa/it.  These  Igniters  were 

'found  t6  produce  poorly  repeatable  Ignition  results.  With  the  arrival  and'^test I ng 

of  the  slow  acting  Jelly  roll  i Ign Iters, *tho  hot  gas  Igniters  wero  •bondoned. 

•  • 
Quench  tests  of  grains,  Ignld'ed  with  the  slow  acting ‘Jelly  roll  were 

e 

made.  The  Igniters  were  anchored, in  the  spacer  so  that  the  burning  magnesium 
particles  were  swept  past  the  scraped  surface  of  the  grain  port.  Th6  quench 
tests  showed  that  there  was  no4>lttlng  of  the  propellant  and  uniform,  radial 
burning.  The  ignition  problem  was  tl\pn  considered  to  be  solved.  * 

a 

As  Indicated  above,  the  water  quenching  of  burning  grains  was  very 
successful  In  the  intwruption  and  extinguishing  of  the  burning  grains.  The 

e 

method  used 'incorporate^  a  i^ay  rake,  TMa  rake  was  inserted  In  the 
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front  end  of  the  rocket  motor  on  Its  centerline  and  projected  a  heavy, 

radial  spray  of  water  on  the  grain  port  surface  In  the  corrbustlon  chamber, 

Figure  18,  A  water  flow  rate  of  approximately  fifty  gallons  per  minute 

Immediately  quenched  the  burning,  as  Indicated  by  the  pressure-t Ime  trace 

of  a  quonche*d  grain  In  Figure  17. 

Examination  of  several  ^quenched  ^alns,  burnlhg  at  low  and  high 

chamber  pressures,  revealed  an  Interesting,  generaj  characteristic  of  the 
•  ^ 
burning  surface.  Figure  18,.  A  sketch  of  a  typical,  quenched  grain  surface 

*ls  shown  below  and  • 

ffTTmTfmOintnMA 

e 

may  be  Interpreted  in  terms  of  the  properties  of  cast  propellant  learned 

.  • 

from  the  studies  conducted  by  D.  W.  Blair  on  stran(fs.  Thermal  I  dip— 

•  • 

exaggerated  In  the  sketch  but  uniform  all.  around  the  grain— Ip  the 'propel  I  ant 

•  •  •  * 

surface  is  explained  by  the  tendency  of  propellant  to  burn  faster  near  a 

molded  surface.  A  "molded  surface"  IS  that  portion  of  a  casting  of  solid 

•  ^  • 

pnope^llant  whTch  was  In  contact  .with  the  surface'of  thecasting  mold.  The 

.  '  •  • 

rpasdn  for  the  small  rise  in  fhe  surface  leVei;  Immediately  adjacent  to 

the  Inhibitor,  may  be  .explained  tjy  the  complete*  removal  of  oxIdTzer  crystals 

•  *  • 

•  • 

at  the  grain  surface  during  the  removal  of  the  mold  release  agent  associated 
with  the  preparation  of  the  cured  grain  for  Inhibiting.  The  lack  of  oxidizer 

Immediately  next  to  the  grain  surface  would  cause  ^slowing  of  the  burning  . 

•  • 

rate  at  this  surface.  The  .increase  in  arsa  due  to  the  dips  was  small  and 
it  ttas  concluded  that  ^f  or  the  purpose  of  •data  reduction,  radial  burning 
took  place  until  the  dips  reached  the  outside  iehibitor  surface.  At  this 
point,  the  burning  surface  w^ea  ftirJtfd  to  decrease  as  the  edges  of  the’dip 
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burned  toward  the  center.of  the  grain.  The  resulting  decrease  In  surface 


area,  once  the  dips  reached  the  outside  Inhibitor  surface,  ct)us,ed  the  chamber 


pressure  to  decrease  as  the  remaining  propellant  was  consumed  and  formed 


the  observed  "tal  |•-oftf "  The  final  conclusion  concerning  data  reduction  was 


that  the  burning  rates  could  be  calculated  safely  up  to  the  point  of  maximum 


chamber  pressure,  .assuming  that  the  burning  was  uniformly  radial.  The  area' 


Increase  due  to  the  dips  was  less  tharf  3^. 


The  initial  testing  also  revealed  that  the  calculated  data  used 
in  the  original  design  of  Jhe  grain  and  nozzle^ diameter  was  low.  That  Is, 


ratios  of  K|^  greater  than  calculated  were  necessary  to  obtelrj.the  desired 
pressure  vaclations.  T?>  see  this,  see  the  curves  on  Figure  6.  Subsequent 


experimental  values  of  80;20  propel  I  ant* were  determined  and  It  was  found 


that  the  use  of  two  new,  smaller  diameter  nozzles—of  0.359  Inch  and  0.250  Inch'* 


diameter,  respectively — and  the  low  and  medium  pressure  grain  designs  would 


produce  the  desired  range  in  pressure  var  Tat  ion  from  200  psig  to  1500  psig. 


Inclusive. 


•  Calculation  of  burning  rates  at  low’chamber  pressures  revealed 


approximately  \5%  lower  burning  rates  than  those 'determined  from  strands. 


It  was  decided  to  go  to  higher^  maximum  chamber  pressures. and  determine  the 


associated  burning  f»ates  to  sfee  if  the  trend  continued.  This  was  done  using 


the  new,  smaller  nozzles  and  the  |ov»  and  medium  priessure  grliin  designs. 


VI.  Data  Reduction  Procedure 


As  mentioned  previously, ^one  of  the  advantages  In  using  a  radial 

bugiigg  grain  was  the  relative* ease  of  ca|ca|ating  the  propellant  burning 

•  *  •  ' 

rate  from  the  pressure-time (curve  recorded  during  the  motor  test.  The  pro¬ 


cedure  for  these  burning  retp  calculations  was  to  equate  the  propellant  mass 
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consumed  by  combustion  to  the  mass  outflow  through  the  nozzle.  A  term  In¬ 
volving  the  rate  of  gas  mass  Increase  Inside  the  combustion  chamber  was  very 
small  compared  to  the  other  terms  and  was  discarded  In  the  burning  rate 
analysis.  » The  mass  of  propellant  -consumed  Is  directly  proportional  to  the 
difference  In  grain  port  radius  squared  at  a  given  time  and  the  Initial. 

port  radius  squjfred.  Hence  an  expression  for  the  Instantaneous  radius  as  a 

• 

function  of  time,.  Instantaneous  chamber  pressure,  the  Integrated  area  under 
the  pressure-time  curve  up  to  that  time,  and  the  characteristic  velocity 
c*  ^  could  be  obtained.  The  time  derivative  of  this  expression  Is  the 
Instantaneous  burning  rate  of  the  propellant.  For  a  complete  derivation  of 
the  expression  determining  the  burning  rate,  and  an  example  of  the  data 

reduction  procedure,  see  Appendix  II.  This  method  of  data  reduction  Is  similar 

*  • 

to  that  given  In  (8).  .  ’  • 

•  • 

•  The,  pressure-tijie  trace  obtained  directly  from  the  .Ester 1 1 ne-Angus 

recorder  waS  not  a  rectilinear  plot  since  the^recorder  pen,  actuated  by  the 
bourdon  tube  pressure  sensing  element,  traced  an  a^c  on  the  recorder  paper. 
Figure  19,.  Therefore,  It  was. necessary  to  replot  the  recorded  data  bn 
recti Unear  coordinate  paper  sjnce  area  Is  not  conserved  under  transforma- 
tion  of  one  coordinate.  In  a  two  coordinate  system.  This  was  done  In  all 

cases  and  a  typical  pressure-time  trace,  replotted  on  rectilinear  paper.  Is 

•  • 

showQ  In  Figure  20. 

•  • 

•  •  * 

Originally,  the  Integration  of  the  area  under  the  replotted  pressure- 
time  curve  for  each  run*  was  done  with  a  planimeter.  This  process  was  very 
time  consuming  and  It  Mas  found  that  the  method  of  trapezoids  was  much 

faster  and  Just  as  accurate  as  a  planimeter.  A  method  of  integration  using 

•  »  • 

•Simpson's  Rule  was  also  tried  but  the  smallest  corwenlent  division  of  the  , 

•  a 

time  scale  Into  equal  elements  of  time  did  not  give  as  good  accuracy  as  the 
above  two  methods,  and  the  method  was  discarded. 


Tho  uvoVdgu  c*  for  each  tost  firing  was  found  by  dividing  the  entire, 
Intogratud  <iroo  iindor  fho  pfussuro-titne  ^urvo  by*thu  weight  of  propellant  and^ 


Inhibitor  burned. 


^oxp, 


-  v/p. 


dt/W 


a  nozzle  throat  area 

*  *  ‘^oxp.  =.  experimental  character  I  Stic ‘velocity 

^flrval  a  total  combustion  time  , 

*  f'g  =  I  nstantanoous  chamber  pressur^^ 

W'  =  weight  of  propellant  and  Inhibitor  burned 

*  •  g  =>  acceleration  of  gravity 

•  • 

The  exporlmenfal  ly  deturminod  c*'*s  showed  a  varl-iflon  from  4,300  ft/soc.  to 
4,'JIO  ft/soc.  In  tho  tests  reported  In  this  ‘It  was  decided  to  use 

an  average,  experimental  c*  of  4,520  ft/sec.  for  the  data  reduction  to  obtain 

•  •  ••  •  ,  . 

burning  rates.  The  percentage  deviations* of  experimental  c*'s  from  this 

.  *  • 

average  are  approximately  +*5)^.  Tho  total  weight  of  propoMant  and  In- 

.  ”*  • 

hlbltor  burned  was  used  for  tfiese  c*  determinations  because  a  %ma||  quant'lty 

.of  the  Inhibitor  was  burned  by  the  hot  combustion  gases  and  subsequently 

•  .  •  • 

exhcxisted  out  tho  nozzle.  The  wel'ght  of  Inhibitor  burned  contributed  to  the 

•  ^  ♦  •  •  • 

•  •  •  • 

chamber  pressure  and  mass ‘f low, out  tho  nozzle  of  the  rocket  motor  and  , 

theretore  had  to  bo  Included  In  the  calculation  of  the  experimental  c*.  W' 

•  •  * 

was  determined  by  weighing  the  I nh I bl ted* grai n  before  firing  and  weighing 

the  Inhibitor  after  firing,  the  dlfferepce  beln’g  the  weight  of  combustion 

•  •  .  * 

gases  which  flowed  out  tho  rocket  nozzle. 

.  •  •  * 

The  use  of  onjy  one  value  of  c*,  4.520  ft/sec.,  Instead  of  an 

•  • 

Instantaneous  c*  for  each  pressure  in  the  calculation  of  the  burning  rate  , 

as  a  function  of*  pressure  resulted  In  a  decgeastj’of  data  point  scatter  of 

•  •  *  r.  ’  • 

the  burning  rate  vs.  pressure  curve. 
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Vil.  Final  Results  of  Motor BTests  and  Comparison  with  Strands 


The  calculated  burning  rates  as  a  function  of  chamber  pressure 
frqm  the  rocket  motor  tests  are  shown  In  Figure  ?.l.  .  These  tests  gave  the 


unexpected  result  that  the  average  burning  rate  of  tne  propellant  In  the 


rocket  motor  was  lower  by  3  to  13^  than  the  rate  determined  from  extruded 


.strands  of  Identical  propellant.  It  must  be  noted  that  the  discrepancy 


decreased  as  the  chamber  pressure  Increased,  though  no  meason  for  this  Is 


available  at  present.  At  first  *lt  was  thought  that  the  heat  loss  and 


consequent  decrease  In  c*  at  relatively  low  chamber  pressures  (around  300- 


500  psi)  was  responsible  for  the  10^  dFscrepancy . .  However  a  short  c'alculatlon. 


assuming  an  upper  limit  of  heat  loss,  resulted  In  an  apiproximate  {decrease 


in  burning*rate  of  only  I .5^f  and  did  not  explain  the  |0^  discrepancy  observed. 


Later  error  calculations  fAppendix  II)  show  that  the  d-iscrepancy  Is  partially 


due  to  the  uncertainty  of  the  cJorrect  value  of  c*  used  ip  the  burning  rote 


calculations. 


The  investigations  of  Blair  (2),  (9)  showed  that  extruded  strands 


tend  to  burn  abofit  7^  faster  than  strands  tiaving  no  mc^ld  surfaces.  Since  the 


rocket  motor  test  grains  had  very  I ittle.  molded  surface,  it  was  to  be  ek^ected 
that  a  low  vafue  of  burning  rate  be  found.*'  However,  the  effect  of  the 


adiabaticity  with  respect  to  iratliation,,  of  a  radial  burning  grain,  was  expected 


•  ■ 

to  cause  the  grain  to  burn  approximately  I |^  faster  than 'a  strand  of  the 


identical  propellant  hgving  no  molded  surfac&s.  This  did  not  appear  to  be 


the  case.  In  view  of  these  test  r^ults  It  was  decided  toMnspect  closely 


the  role  of  radiation  In  'siolld  propel  Ian1»  combustion,  both  In  a  strand  and* 


in  a  radial  burning  grain. 
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CHAPTER  III 


*  A  * 


EFFECT  OF  RADIATION  ON  THE  BURNING  RATE 
OF  SOLID  PROPELLANT  IN  STRANDS  AND  MOTORS 


I.  Theoretical  Analysis  Show  I  no  A TPUe  To  Radiation 

The  original  derivation  of , the  Summerfield  Granular  Diffusion  Flame 
expression  for  composite  propellants,  (2)  and  (10),  considered  that 
conduction  was  the  only  mechanism  feeding  energy  to  .the  propellant  surface  from 

the  reaction  zone.  Recently  a  radiation  component  has  been  added  to  account 

« 

for  possible  radiative  energy  feedback.  The  results  of  this  addition, 

referring  to  the  following  sketch  and  using  the  following  symbols  Is  given 

below.  (This  analysis  may  be  compared  with  the  results  In  (2).) 

«  ^radiant  energy  flux  feedback  from  flame 

“  radiant  energy  f  Kjx  loss  from  flame 

Ty  radtant  energy  flux  into  flame  zone  from  external 

*  sources  (e.g.,  Icore  from  a  hot  gas  core  in  a  hollow 

burning  grain) 


*  Fraction  1,^  absorbed  befbre  the  solid  surface 
^  »  enthalfiy  of  combustion  Cp^ 

T.  -  final  temperature  of  combust.ion  products 

'f 

final  temperature  (adiabatic  case) 


Ts 

T. 


C 


temperature  of  solid  surface — assumed  Independent 
of  P,  valid  if  Eact  2.kcal/mole 

ambient  propellant  temperature 

hypothetical  burning’  rate  In  absence  of  radiation 

actual  burning  rate  with  radiation  term  Included 

. 

density  of  solid  propellant  • 
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/%  *  • 

Cc  ■  speclf[c  heat  of  solid  propellant 

•  * 

•Ci  ■  exothermic  heat  of  sol W  to  gas  reaction  at  surface 
■  specific  heat  of  combust I'bn  products^ 

•  adiabatic  gaseous  reaction  time  in  flame  , 

^  ■  actual  time  for  gaseous  reaction 
For*  the- general  case  Including  all  types  of  radiative  energy  Moss 

and  gain,  the  change  In  propoHant  burning'rate  may  be  derived  as  follows. 

•  . 

With  reference  to  the  sketch  below,  *the  energy  equation  for  a  burning  strand 


may  be  written  as 


!i 

Ml 


•AT— «> 


K''S  + 


X»~o> 


From  Equatl,on  2,  TuT^ernilno  T| 
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•  ^  •  « 

since  Now  solve  for  In  Equation  I: 


where  L  Is  the  distance  between  the  surface  of  the  propellant  and  the 

.  • 

flame  front.  Estimation  of  the  value  of  L  may  be  done  by  assumlfig  that 
the  density  of  gas  between  the  surface  and  the  flame  front  per  unit  of 
surface  area  Is  a  function  only  of  the  distance  between  the  propel  I artt 
surface  and  the  flame  front.  It  Is  also  argued  that  this  distance  Is 
Increased  due  to  Incident  cadlatlon  on  the  propellant  surface  s'Ince  less 
energy  feedback  by  conduction  Is  necesi>ary  to  vaporize  the  surface 
propellant.  We  may  then  write  that 


/  ^  JBL-i  L,^-  di-  •  %- 


where  the  zero  subscr I pt ^denotes  no  rpdlatlon,  adiabatic  flame  condition. 


Substituting  tor  expressed  In  terms  of  T|  and  1,^  Into  the  energy 


equation  we  obtain 


i  (6)  . 
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It  has  houn  assumed  that  Tg  Is  approximately  constant.  This  Is  true  for 
large  values  of  activation  energies  enij  may  be  seen  from  an  examination  of 
the  masS  flow  rate  with  respect  to  the  pyrolysis  rate  of  the  propellant. 

- ^Qc'fi^hon 

• 


Since  /W  Is  constant  at  a  co'nstant  pressure,  the  abover  sketch  shows  that  for 

•  • 

*  a  large  activation  energy,* the  surface  temperature,  T  stays  constant. 

**  5  • 


»  Nullng  that 


a  four  term  equation,  cubic  fn  rh  ,  may  be  written  from  Equations  (6)  and  (7) 

•  • 

with  no  further .assumpt Ions  as: 

-  [I,*  -t)  -  o.] 

To  solve  for  ,  assume  .  Divide  Equation  C6) 

by  retain  only  thoee  terms  of 

order  and  g'  .  T'lsn  (I -«,)r,y<^,j;c,-(T,-r.)  -  (}  J  •"<! 

(r.-i.)/0,c,(T,-rs)  terms  are  of  order  ^  and  the  resulting  equation 

Is: 
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Now  note  that  Is  order  of  ( If  S  )  ;  then 

and  Si.  ~  _ _ 


"cCjCXc^-T,) 


m.c,(T;,^rX) 


Using  the 


above  relationships  In  Equation  (9)  wo  obtain: 

o » ts-  J  ft- 


(I-  -  ill 


.  J  _/'t.  A  -Ji.) 


(!^ij .  ^  •  iCL-n)  ^  J_(^  ■. 

Putting  Equation  (10)  In  terms  of  burning  rates,  the  general  aquation  for 
the  change  In  burning  rate  due  to  radiation,  divided  by  the  burning  rate 

with  no  radiation  Is 

ur.-x.)  . 

r.  rzfp^(lM-X)  iW'O 

We  are  now  able  to  Investigate  the  effect  of  radiation* In  propellant 
burning  rates  In  strands  §nd  motors  (2),  For  the  case  of  the  burning  strand  where 


*  OC  /  ' 

1.-0  on  (II)  becomes: 

_ _ j^IfS _  x'/K  ) 

In  the  case  of  a  hollow  graln^  burning  on  the  Inside  surface,  ^  J^c<ir^*Ti 

•  • 

Z,  '/f,  «r  «/  ,  T,  .  Zo.,)  %  »  I  are  assumed.  Thun 


*  Zir  * 

n  ‘ 


::  --  f  /  /  4’ 

;  r.rf[^(r.-n)--0.l  Cfi..  l5(i-rX))| 
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II.  Invest  I  option  of  Flame  Zone  Radiation  and  Results  * 

,  The  investigation  of  the  fleune  zone  radiation  was  undertaken  by 
D.  W.  Blair,  (2),  (II),  and  was  accomplished  by  means  of *a  strand  burner 

equipped  wlth>  an  optical  window  and  a  series  of  apertures  shown  In  Figure  28. 

. 

Values  of  I^  where  observed  for  various  propellants  at  a  range  of  pressures. 

Measurements  of  II  from  flames  of  strands  (80:20  mixture),  burning  at  500 

pslg  came  out  to  be  6.4  cal/cm^sec  or  a  flame  emlssivity  of  0.075  based  on 
••  • 
a  theoretical  flame  temperature  of  2800°K..  Insertion'qf  this  .  I,  Into 

Equation  (12)  assuming  Ip  =  I|^  gives  . 

•  ^  -  0,02.0 -O.OOC  +  tr  -‘O.OZi 

Co  U.  ' 


(14) 


This  result  means  that  the  burning  rate  of  a  strand  predictefl  by  the  granular 
diffusion  flame  theory  when  the  effects  of  radiation  are  Included,  is  less 
than  the  burning  rate  predicted  by  the  equation  ^  ^^j^wh  I ch  neglects 
radiation,  by  approximately  2%.  The  effect  of  radiation  Is  Indeed  small, 
but  Is  not  negligible  In  the  prediction  of  propellant  burning  rates. 


III.  Theoretical  Investigation  of  Radiant  Energy  Feedback  In  a  Rocket  ^otor 
An  investigation  of  the  radiant  heat  feedback  to  the  burning 

surface  of  a  radial' burning  grain  In  a  rocket  motor,  due  to  the  radiation  of 

. 

the  hot  combustion  gases, ^was  Initiated.  Previous  research  at  Princeton  gave 

the  approximate  mole  fractions  of  significantly  radiating  combustion  producte 

•  *  • 

,  for  ^an  60;^,  P-13  propellant  as;  • 


Component 

CO2 

*  CO 
HCI 


Mole  Fraction  • 
0.0591 

0.244 
0.319 
•  0.151 


TK'e’  shape  of  the  radiating  gas  column  was  assumed  to  be  a  cylinder 

a 

and  the  approximate  optical  path  length  was  computed,  from  (16),  to-be  0,2 
feet  for  the  radiation  Impinging  on  the  cylindrical  surface  of  the  burning  , 

propellant  grain.  Detailed  calculation  of  the  radiant  heat  feedback  Is 

*  • 

given  in  Appendix  III.  ...  ^ 

The  emissivltles  of  the  water  vapof  and  carbon  dioxide  present  In  the 

•  • 

combustion  gasii  were  computed,  fronx  ( 14)  to.be  0.182.  and  0.0552,  respectively, 

for  a  total 'pressure  of  500  psi  and  a  temperature  of  28©0°K.  Since  both 

•  •  . 

CO2  H2Cr  were  present  it  was  necessary  to  account  for  their  mutual 

absorption  and  determine  a  combined  emissfvlty  for  CO2  and  H2O  as  0.1472. 

EmIssiviTies  for  C(5  and  HCI  molecules  were  calculated  using  the 
following  equation  from  ^12): 

e 

•  kp  =  average  absorption  coefficient  of  fundamental 

.  vibration-rotation  band  for  1"^^  component 

PO  “  average  absorption  coefficient  of  first 

overtone  vibration-rotation  band  for  1'*'^  component 


*•  6 


«  emissivlty  of  fundamental  vibration-rotation 
band 

. 

■  emissivlty  of  first  overtone  vibration-rotation 
band 


P|  ■  partial  pressure  of  i^^  component  .  * 

M  %  * 

•  ^  Lq  ■  optical*  path  length 

Equation (17) gave  the  emissivlty  of  CO  and  HCI  at  500  ps I  and  2600°K  ns 

•  • 

0.0304  and  0.0316, .respect! ve I y,  for  radiation  to  the  grain's  burning 
surface.  *  . 

The  total  emissivlty  of  the  hot  combustion  gases  .at  500  psI  and 

2800°K  was  then  found  to  be  *  0,145  giving  a  radiant  heat  feedback 

•  •  • 


MS* 
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to  the  groin  surface,  according  to  equation  q  ■  d  (T*  /  ,  of  12,2 
cal/cm^sec.  This  heat  flux  Is  approximat ly  twice  the  flux  to  the  flame 
zone  as  determined  by  Blajr. 


IV.  Experimental 
Rocket  Motor 


leasuremeni 


Since  the  preceding  calculations  showed  that  radiant  energy  ^ 
feedback  to  the  grain  surface  from  the  .combustion  gases  was  appreciable. 

It  wa&  decided  to  check  the  calculation  by  experiment. 

The  rocket's  combustion  chamber  .was  inodlfled  to  Include  a  window 
on  Its  longitudinal  axis,  looking  through  the  rocket  nozzle.  An  aperture 
system  was  designed  so  that  a  radiation  thermocouple  (Model.RP'‘2,  Charles 

Reeder  Co.,  KBr  optics)  could  "see"  through  the  combustion  gases  In  the 

« 

•  rocket  chamber  and  out  through  the  rocket* s* nozzle.  The  radiation 

•  • 

thermocouple  was  exposed  to  radiation  from*the  combustion  gases  on  I and* 

•  .  • 
•  •  * 

none  from  the  hot  metal,  components  of  the  rocket  engine.  A  small  N2  purge 
was  constructed  to  keep  the  window  In  the  rocket  motor  clean  during  g 
motor  firing."  A  schematic  of*  the  experimental  equipment  Just  described  Is 
shown  In  F lgure'24. 

. 

The  output  from  the  radiation  thermocouple  was  amplified  by  a 
Kintel  differentiaf  amplifier  and  sent  to  an'osci I loscope  where  the  signal 
was  photographed.  Since  the  output  of  the  radiation  thermocouple,  is  due 
to  the  difference  In  temperature  between  the  senstive  element  and  the 

thermocouple  case.  It  was  necessary  to  reduce  the  test  cell  temperature 

•  •  , 

to  the  outside,  amb’lent  temperature  to  minimize  the  effect  of  convection 
currents  In  the  test  cell  during  the  motor  test.  The  case  of  the 
thermocouple  was  also  ln*sulated  to  help  stabilize  the  case  temperature. 

One  test  was  made  using  quartz  optics  and  three  tests  were 


•  28. 


made  with  KBr  optics  to  allow  radiation  In  the  far  Infrared  to  be 
recorded.  Alignment  of  the  thermocouple  with  the  aperture  system  was 
accomplished  by  placing  a  ICX)  watt  titanium  filament  lamp  at  the  rocket 
nozzje  and  placing  the  thermocouple  In  the  center  of  the  resulting  beam 
of  light  through  the  aperture  system.  The  thermocouple  receiver  was 

e 

Isolated  from  vibration  during  a  motor  test  to  maintain  alignment  with 
the  aperture  system. 

e 

A'typical  radiation  trace  obtained  from  a  motor  test  Is  shown  In 

e 

Figure  24.  The  large  peak  at  motor  Ignition  Is  due  to  radiation  of  the 
burning  magnesium  from  the  Jelly  roll  Igniter.  The  peak  Just  before  the 

•  e 

completion  of  burning  Is  due  to  the  relatively  large  amount  of  glowing 
soot  tcom  the  burning  Inhibitor  at  this  point  In  the  test.  Radiant  energy 
measurements  obtained  from  the  one  test  using  quartz  optics  were 

•  • 

approximately  twice  the  value  of  radiation  measurements  obtained  using 
KBr  optics.  Since  the  three  tests  using  KBr  optics  fcorrelate  quite  closely, 

• 

It  Is  postulated  that  the  aperture  system.  In  the  quartz  optics  test,  was  not 
properly  aligned  and  the  radiation  thermocouple  *'so»/'  a  part  of  the  rocket 
nozzle,  which  would  have  a  much  higher  emissive  power  than  the  combustion 
products. 

If  the  results  of  the  three  radiation  tests  using  KBr  optics  are 

•  .  -  ’ 

averaged,  the  radiant ’flux  received  by  the  radiation  thermocouple  at  a  chamber 

*  *  .7 

pressure  of  approx lifiately* 500  psi  is  275  mlcrowatts/cm^,  or  1.05  watts  per 

•  • 

steradlan  subtended  by  the  sensitive  area  of  the  thermocouple. 

.  • 

A  theoretical  prediction  of  the’racflant  energy  received  by  an 
•  •  •  * 

elemental  area  placed  in  the  sam’e  positlon’as  the  radiation  thermocouple 

•  * 

•  • 

was  then  made,,  and  the  analysis  Is  given  Appendix  III.  The  extreme  nays 
of  the  aperture  system  define  b  small,  circular  area,  at  the  base  of  the 
bot  gas  column  In  the  combustion  chamb.er,  which  Is  "seen"  by  the  radiation 
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thermocouple.  The  sensitive  area  of  the  radiation  thernSxoup i e  was 

rectangular  in  shape,  0.2mmX2im,  approximately.  It  can  be  shown  geometrically, 

that  the  circular  area  formed  by  the  extreme  rays  of  the  aperture  system  • 

intersecting  the  base  of  the  hot  gas  column,  assuming  the  thermocouple 

sensing  area  to  be  a  point.  Is  very  nearly  Identical  with  the  elliptical 

area  formed  by  considering  the  rectangular  thermocouple  sensjng  area.  This 

circular  diameter  was  0.23  cm  and  was  61.8  cm  from  the  radiation  receiver. 

Since  the  normal  Intensity  at  the  center  of  the  0.23cm  circle,  at  the  base 

*  • 

of  the  cylindrical  gas  column,  cannot  be  differentiated  from  the  normal 
Intensity  of* a  hemisphere  whose  radius  is  equal  to  the  length  of  the  hot 

gas  column,  the  normal  Intensity  of  this  hemisphere  was  determined.  This 

•  • 

Intensity  was  used  to  predict  the  radiant  energy  receiived  at*  the  radiation 
.receiver  using  the  method  outlined  fgr  radiant  energy  transfer  between 
elemental  areas  In  references  <14)'  and  (16).  The  radiant  energy  flux  at 

the  rad  I  at  I  op  receiver  was  calculated  to  be  1.49  watts  per  steradlan 

***  • 

-  --subtended  by  the  receiver  area.  The  predicted  radiant  flux  Is  high  since 

•  • 

no  ‘data  jwas  available  for  emissivlty  corrections  due  to  self  absorption 

*  a 

In  a  gas  mixture  containing  CO  and  HCI  as  well  as  062  and  H2O  vapor. 

However,  the  predicted  radiant  flux  was  of  the  same  order  of  magnitude  • 

« 

as  the  measured ‘radiant  flux,  leading  to  the  conclusion  that  the  method 

•  • 

employed  to  determine  the  emissivlty  of  the  combustion  products  Is  quite 

accur.ate.  It  may  be  coKfcluded  that  the  calculation,  determining  the*  radiant 

energy  flux  to  the  burnilig  surface  of  the  solid  propellant  grain.  Id  at  least 

.  •  *  * 

of  the  correct  ordef  of  magnitude.  Therefore  the  effect  of  radiatjon  from 

the  combustion  gases  Is  of  significant  Importance  in  determining  the  propellant 

e  • 

burning  rate  In  a  rocket  motor  because  It  Is  a  significant  mode  o*f  heat  • 

•  • 

transfer.  . 

e 

•  •  • 


As  previously  meritloned,  the  theoretical  prediction  of  radiation 
from  the  combusticn  gases  to  the  burning  surface  of  the  radial  burning  grain 
used  In  these  tests  was  12.2  cal/cm^sec.  Using  a  value  of  Ip  "  6.4 
cal/cm^sec  and  the  calculated  value  of  Icore  “  i2.2  cal/ctr.^sec,  the  Ar/rQ 

due  to  radiation  may  be  calculated  from  Equation  13  as 

r/ro  -  0.040  +  (0.0381  +  0.00762)  -  0.0857 
The  net  effect  of  flame  and  combustion  gas  radiation  Is  seen  to.  be  an 
Increase  of  approximately  ll){  In  the  burning  rote*of  the  solid  propellant  In 
the  test  rocket  motor  over  the  burning  rate  of  a  strand.^  This  Is  apart 


from  erosive  effects,  strand  diameter  effects 


,* and  mold  surface  effects. 


CHAPTER  IV 


'final  statement  on  experimental  comparison  of  burning  rate  of 

SOLID  PROPELLANT  IN  STRANDS  AND  ROCKET  MOTOR5 


Theoretical  considerations  led  to  the  conclusion  that  the  burning 

rate  of  a  sol  id. propel  lent  grain  in  a  rocket  motor  would  exceed  the  burning. 

rate  of  a  strand  of  Identical  propellant  by  the  amount  shown  by  equation  13, 

Use  of  equations  12  and  13  coupled  with  experimental  values  of  Ip  and 

theoretical  calculation  of  I  showed  that  the  burning  rate  of  the  solid 
,  core 

propellant  grain  should  exceed  that  of  a  strand  of  Identical  propellant  by 

*  •  •  •  • 

approximately  1 1)1.  This  is  apart  from  erosive,  strand  diameter,  and  mold 

surface  effects.  . 

Experimental  results  from  motor  tests  did  not  ^how  the  expected 

Increased  burning  rates, Rgure  (21).  The  rocket  motor  burning  rates  averaged 

« 

from  13  to  2,5$  lower  than  strand  burning  rates.  The  fact  that  extruded 

1 /4-Inch  strands  were  used,  means  that  the  experimental  curve  might  be 
«  • 
corrected  for  diameter  and  mold  surface  effects.  One  quarter  Inch  strands 

tend  to  burn  about  3$  slower  than  7/16  Inch  strandfe,  while  extruded  strands 

tend  to  burn  about  7$  faster  than  strands  with  no  mold  surfaces.  The  net 

•  • 

effect  is  that  the  strand  burning  rate  curve  shown  In  figures  (5)  and  .(2I>) 

.should  be  lowered  by  approximately  4$.  However,  this>  is  not  enough  to  cause 
the  rocket  motor  burning  sate  curves  to  show  their  expected  il$  faster 
burning  rate.  The  above  mentioned  4$  correction  In  s’trand  burning  rates  in. 
Figure  23  v(pu|d  make  the*averagrf  motor  burning  rate  1.0)1  faster  than  the 
burning  rate  In  strands  at  900  psi. 

The  motor  burning  rates  were  not  observed  to  be  11$  faster  than 
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the  strand  burning  rates.  Therefore  an  Investigation  of  the  possible  error 
In  these  motor  burning  rates  Is  desirable. 

II.  Errors  Involved  In  the  Calculation  of  the  Motor  Burning  Rate 

Examination  of  the  plot  of  calculated  burning  rates  versus  pressure 

Figure  (24)  reveals  a  nonun  I  form  I ty  In  the  curves.  The  nonuniformity  may  be 
»  • 

Interpreted  as  being  caused  by  a  variation  In  the  constant  of  Integration  used 
In  the  Integral  method  of  obtaining  burning irates  from  the  pressure  time. test  data. 
The  constant  of  Integration  Is  the  Initial  radius  of  the  burning  surface  Just 

a 

after  complete  Ignition.  This  variation  would  account  for  the  variation 
observed  In  the  pressure  time  traces  bnd  could  be  due  to  the  nonreproducible 
Ignition  from  the  Jellyroll  .Igniters.  The  Ihtegral  method  of  obtaining 

a 

motor  burning  rates  averages  the  previous  history  of  the  burning  rote  up  to 
the  point  of  the  calculation. 

The  first  error  analysis  In  Appendix  II  shows  that  the  burning 

a 

rates  calculated  at  900  psi  have  approximately  ±t.l%  error  based  oA  the 

a 

standard  deviation  of  the  calculation  for  any  test.  • 

a 

Any  calculation  from’a  motor  test  gives  on"  versus  P  curve  that 
•Is  +6.7^  accurate  and  the  variation  of  the  calculated  burning  rate  curves* 

a 

from  their  average  at  900  psI  Is  iSJJi  Therefore  the  total  possible 

uncertainty  In  results  calculated  from  all  the  tests  Is  ill,7;J.  The 

strand  burning  rates  are  Included  wltf\,ln  this  error  envelope.  Therefore  results 
•  • 

of  comparison  of  strand  and  motor  burning  rates* are  Inconclusive. 

A  second  Independent  check  af  the  uncertainty  In  the  calculated  • 

a 

motor  burning  rates  Is  desirable  and  should  Involve  the  nonunlfprmity.of 

•  e 

the  pressure  time  te^st  data.  A  good  measure  6f  the  nonuniformity  of  the 

pressure  time  curves  Is  the  slope ^  W  .  The  sTope^  m,  Is  measured,  • 

‘  from  each  feat,  at  a  constant,  chosen  pressure.  A  fundamental  assumption  In 
•  •  • 
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^  *  this  whole  Investigation  Is  that  the  propellant  Is  reproducible  becpuse  r* 

Is  regarded  as  a  property  of  the  propellant.  If  this  Is  not  true,  then  • 

the  apparent  variation  In  from  test  to  test  will  be  due  to  the 

variation  In  propellant  as  well  as  any  error  due  to  the  Instrumentation. 

•  * 

There  Is  no  effect  of  area  In  this  error  measurement  because  the  factor 
Involving  area  cancels  out  when  finding  the  value  of  .  The 

second  error  analysis  In  Appendix  II  shows  that  at  a  particular  pressure 
«•  the  pet;centage  variation  In  the  Instantaneous  burning  rates  from  test  to 
*  test  Ts! 

4r  „  • 

•  \  ^  'W 

e 

* 

At  900  psi,  the  percentage  variation,  from  test  to  test,  of  Instantaneous 
burnimg  rate  Is  found  to  be  approximately  very  close  to  the  previously 

e 

*  calculated  value  of  the  possible  error  in. burning  rate  calcdlatlons. 

Th%  conclusion  to  be  drawn  from  this  error  investigation  is  that 

e 

the  present  calculations  of  motor  burning  rotes  from  radial  burning  motor 
^test  data  are  not  accurate  enough  to  provide  a  conclusive  comparison  with 
the  burning  rates  of  solid  propellant  strands.  Furthermore,  I  think  that 
a  radial  burning  grain  providing  a  progressive  pressure'‘time  trace  should 

not.be  used  In  further  testing  of  this  comparative  nature.  .This  is  due 

*  • 

to  the  diff Icultles  involved  in  obtaining  reproducible,  uniform  Ignition  of  . 

•  • 

the  gr'ain.  A  system  providing  a  relatively  soft  and  contiro  1 1 ab I e  energy 

e 

•  • 

Impulse  for  Ignition  would  be  a  Vorthwhlle  researc|i  tool  .for 'Studies  of '^th Is 

type'.  If  this  Ignition  system. were  available,  a  radial  burning  grain  might 
still  be  useful  If  propellant  reproducibility  and/or  recording  Instrumentation 

e 

error  problems  could  be  solved. 

«  •  • 


There  has  been  some  evidence  in  the  outside  literature  that  at 
chamber  pressures  less  than  350  ps\,  the  combustion  efficiency  of  the  solid 
propellant,  and  the  resulting  value  of  c*,  is  low.  These  experimental 
results  tend  to  bear  out  the  correctness  of  this  evidence  since  low  values 
of  c*,  at  the  lower  chamber  pressures,  would  lower  the  average  c*  for  the 
rocket  test  and -depress  the  calculated  burning  rates.  This  would  tend  to 
explain  the  Ipw  burning  rates  determined  from  these  motor  tests,  but  as  yet 
no  certain  explanation  Is  available  to  explain  the  low  combustion  efficiencies 

•  e 

at  low  chamber  pressures. 

Further  rocket  motor  tests  using  grains  with  a  neutral  burning 
characteristic  should  be  made  to  tesf  exper Imental ly  the  validity  of  the 
conclusion  that  using  a  radial  burning  grain  to  determine  propellant 
burning  rates  as  a  function  of  pressuife  iiS:  unrel  lable  and  I rreproduc lb le. 

It  Is  further  suggested  that  the  combustion  mechanism  of  composite 
solid  propellants  at  pressures  below  400  psia  be  Investigated.  This  should 

e 

be  done  to  explain  the  very  large  discrepancy  In  strand  and  motor  burning 

rates  and  determine  the  reason  for  the  low  values  of  c*  in  the  pressure  range 

from  atmospheric  pressure  to  400  psIa. 

In  conclusion  It  may  be  said  that  present  strand  burning  rate 

measurement  techniques  produce  more  reliable  data  than  rocket  motor  tests 

using  radial  burning  grains.  The, amount  of  radiant  energy  feedback  to  the 

burning  solid  propellant  was  found  in  strandi  to  be  about  a  third  of  that 

•  • 

in  a  rocket  motor  having  combustion  taking  place  oh  surfaces  Inside 

the  grain.  The  experimental  measurement  of  the  radiant  energy  feedback  In ia 

rocket  motor  grain  showed  that  the  analytical  calculation  was  essentially 

e 

correct.  Unfortunately  no  conclusions  may  be  drawn  as  to  the  validity  of  the 


Summerfleld  granular  diffusion  flame  theory  for  prediction  of  composite 
propdiiant  burning  rates  in  a  radial  burning  rocket  motor.  It  is  also 
Impossible  to  determine  the  reason  for  the  Increased  propellant  burning 
rates  In  a  rocket  or  "scale**  effect  as  observed  by  other  research.  Our 
tests  were  unable  to  provide  an  accurate  comparison  of  solid  propellant 

e 

^burning  rates  in  rocket  motors  and  strands.  Consequently,  the  previously 
suggested  new  research  should  be  carried  out  to  explain  our  present  test 


results. 
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APPENDIX  I 


TABLE  I;  Final  Design  Dimensions  for  Rocket  Motor  and  (V'alns 
» 

•  • 

A.  Rocket  Motor  Dimensions 

Overall  Length  11.75  In. 

•  •  Outside  Diameter  4.125  In. 

Inside  Diameter  .  ,  3./625  In. 

Combustion  Chamber  Length  8.625  In. 

B.  Grain  Dimensions  • 

1.  Low  Pressure  Grain:  d,,  «  2.02  In. 

•  .y 

D  «  3.40  In. 

L  -  3.50  In. 

2.  Medium  Pressure  Grain  dp  ■  1.33  In. 

.  *  D  »  3.33  In. 

L  -  2.84  In. 

«  • 

3.  High  Pressure  Grain  dp  ■  1.42  In. 

.  D  ■  2.40  I  n.. 

L  -  7.00  In. 

C.  Nozzle  Diameters 

•  • 

I.  Low  Pressure  d^  »  0.640  In. 

d^  -  0.422  in. 
d^.  -  0.452  In.  . 


2;  Medium  Pressure 
3.  High  Pressure 


TABLE  II.  Density  of  Rocket  Motor  Propel l«yit  from  Propellant  Several  Batches 

r 

Batch  No.  *  .  Density  #/ln^ 


50 

0.0616 

54 

0.0616 

55 

0.0618 

56 

0.0620 

56 

• 

0.0614 

56 

0.0616 

Average  Density:  0.06J6  ±  0.0004  #/\n^ 

Note:  Density  variation  is  within  the  llitiits  of  measuring 
error  du^  to  weighing  apparatus.  Fluid  used  to  determine  propellant 
density  was  a  naptha  type  fluid,  "Skel  lysol  ve  C.*"  The  average  propellant 
density  was  determined  by  these  tests  and  used  In  burning  rate  computations.'  ' 


.Derivation  of  Equation  for  Nozzle  Throat  Diameter  from  Design  Conditions 


t 


^PL 

W 
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APPENDIX  III  I.  Data  Reduction  Procedure;  Catculatton  of.  Burning .Rates 
*  Jrom  Rocket  ftotor  T^sta 


As  previously  expla|ned,  the  burning  rattf  of  the  solid  propellant 
In  a  radial  burning  grain  may  be  calculated  by  determining  an  expression  for 
the  radius  of  the  burning  surface  and  ^differentiating  this  e/%presslon  with 
respect  to  time.  The  derivation  of  this  procedure  Is  as  follows  and* Is 
similar  to  the  method  In  (8). 

Equate  the  rate  of  combustion  gas  generatl<>n  from  the  solid 
propellant  to  the  gas  flow  rate  out  the  nozzle  plus  the  rate  of  Increase  of 
the  combustion  gas  mass  Inside  the  combustion  chamber. 

(a* 

,  For  a  first  approximation,  assume 

.  .  • 


,  then 


and  substitut l^ng  /T r  ond/^-^TT/CZ  ,  we  get 

C* 


A 


■i- 


-  /M^  £.  jt 


o  Zirl  c* 


(I) 


(2) 


(3) 


(4) 


Integrating,  taking  the  square  root  and  ietting 


rife 


MO i obtain 


7^i 


The  vaiue  of  •y  is  known  and  constant  for  each  particuiar 
nozzie  diameter  and  grain  configuration,  c*  is  the  average^  expprimentai  c* 
determined  from  the  equation  / 


iiM 


and  Rq  is  initiai  grain  port  diameter  and  a  constant  for  each  grtTin,  I 

e 

Hence  by  calcuiating  the  area  under  the  experimental  pressure  time 
curve  on  rectilinear  paper  up  to  a  time  "t^  ,  the  burning  rate,  fj  » 

may*  be  found  for  the  Instantaneous  chamber  pressure  ,  at  time  i’l 

.  It  should  bei  noted  that  there  exists  another  method  of  calcuiating 

the  Instantaneous  burning  rate  using  the  relations: 


Pc  ‘ 


r* 

Jt 


■  (10) 


This  method  requires  taking  two  derivatives  from  experimental  curves  which 
is  not  a  process  that  may  be  done  accurately.  The  advantage  to  the  Integral 

method  used  in  the  data  reduction  is  that  Integration  of  daVa  Is  a  stabilizing 

•  •  . 

process  and  may  be  much  more  accurately  done  than  the  determination  pf  the 
slope  of  an  experimental  line.  .  . 
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APPENDIX  11:  2.  Due  to  Rate  of  Gas  Mass  Increase  In  Combustion 

cKomber  • 


The  effect  of  neglecting  the  term  In  Equation  ( I ) 

may  be  Investigated  In  the  following  manner.  The  effect  of  excluding  the 
term  Is  to  decrease  the  rate  at  which  the  pTopel lant  produces  gas* 

or  tc^  decrease  '♦•le  apparent,  calculated  burning  r*ate.  Hence  to  determine  the 
effect  of  the  term  we  may  write  an  expression 

which  Is  the  Increase  In  the  rate  of  propellant  gas  production.  Here 
Is  the  apparent  burning  rate  neglecting  ^(fc  ^  actual 

burning  rate.  We  may  then  say  that 


(11) 


il2) 


Combining  Equations  (II)  and  (12)  we  obtain 

(r-cK/>= 

The  term  Is  the  Increase  In  gas  mass  due  to  volume  change  of  the 

combustion  chamber.  Since  this  term  Is  small  we  will  approximate  It  by 
saying  it  is  equal  to  the  volume  change  of  the  grain  associated  with  the  - 
apparent  burning  rate  ^  .  Then 

t 

W^th  this  approximation  for  the  term  becomes 

C^c.  ^  f- 


(13) 


(14) 


(15) 
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Substituting  Equations  (14)  and  (13)  into  Equation  (13)  and 
dividing  by  results  in  . 

(r-r,)  ■■&r^  f  nfc  . 

71  -f- 


Calculation  of  for  a  typical  motor  test  showed  that  it 

was  of  a  constant  value  of  +\%  over  the  entire  pressure  range.*  Thus  the 


effect  of  neglecting  the  term 


of  Equation  (I)  Is  Indeed  negligible 


and  will  little  affect  the  comparison  of  burning  rates  in  rocket  motors  and 
strands 
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APPENDIX  II:  3.  jrror  Analysis  of  Data  Reduction  Procedure 


The  burning  rate  of  composite  propellant  in  the  rocket  motor  is  a 
function  r=  •  Specifically,  T  maybe 

explicitely  writtefi  as  * 


r  ^ 


^t9  ^ _ ■  n  _  (ijt 


while  c*  may  be  written  as 


Since  the  errors  involved  in  calculating  are  independent,  we  may 

write  that  the  standard  deviation  of  the  burning  rate,  S^.,  is,Reference  (17), 

5. = 


$L  -  lo.o! 


S  {SL) 

tO.OS- 

5 


i-p 


SapiCL  *2(6.J  , 


s  Siy 


S'W  r  1 0,1 


0 
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has  two  values  depending  on  whether  or  not  contraction  of  the 
nozzle  during  firing  Is  considered.*  For  an  order  of  tnagnitude  approximation  of 
the  amount  the  nozzle  diameter  might  change  during  a  run,  it  is  assumed  that 
the  nozzle  reaches  the  temperature  of  20CX)°R  to  a  dppth  of  0. I  Inches  during 

a  •  *  ' 

the  motor  test.  If  the  temperature  coefficient  of .expans ion  of  the  Mi> 
and  the  C^/  Is  assumed  to  be  approximately  7x10“^  ln/ln°F  ,  the 
due  to  nozzle  contraction  is  1.96x10“^  compared  to  of  0.159x10"^ 

for  the  zero  contraction  case. 

Calculation  of  the  necessary  partial  derivatives  of  the  burning 
rate  and  the  associated  values  of  standard  deviation  ^ 

are  tabulated  In  the  following  table. 


Error  OuahVltv  Tabulation 


Var 1 ab 1 

(4r  . 

L 

0.132 

0.0174 

10’^ 

1.74x10’° 

Pc 

3.06x10"^ 

9.38x10’® 

I.25x|02 

11.72x10’®  . 

c* 

0.43|xI0’5 

• 

0.|86xl0"l®  . 

7.52x10® 

7.35x10® 

>  |.4x|0’^  ,  Nozzle  Contraction 

1.37x10’^  No  Nozzle  Contraction 

«o 

0.218 

0.0475 

2.5x10^ 

0.0118x10"® 

• 

ft 

'A,lb 

• 

22.2 

0.312x10’® 

0.I59X 

6.84x10"®  Nozzle  Contraction 

3.53x10’®  No  Nozzle  Contraction 

a. 

1.04x10*'^ 

1 .08x10’® 

2.29x10^ 

( 

24.7x10’® 

• 

.  ? 

5.2 

27 

9x10® 

2.43x10"^ 
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’  The  standard  deyiatlon  of  the  burning  rate, 
is  the  standard  deviation.  The  percent  error  associated  with  the  burning 
rate  determination  is  shown  in  the  tabie  beiow: 


Case 


S 

r 


II)  *No  Nozzle  Contraction  (due  to  heating)  2.052:xl0'‘^ 

.2 

2)  Nozzle  Contraction  (due  to  heating)  2.07x10 


%  Error  In  (r); 

■■■I.  .  IIII.II.1 1 .11.1  ifci  I . 

6.70$ 

6.76$ 


The  percent  error  In  the  calculated  motor  burning  rate  due  to  the 
possible  error  In  the  variables  may  be  determined  In  the  following 

manner.  Consider  that  the  burning  rate  standard  deviation  S^.  Is  a  vector 
whose  coordinates  are  the  errors  In  the  quantities  .  For  example, 

assume  P,  PJ.,  and  c*  are  the  variables 


The  associated  direction  cosines  are  thus 


cosC<<^  *  ,  ek 


ui*- 


The  fraction  of  due  to  Is  then  IaIcosoC,  «  — =r-- 

%  •  ■  ■■  'isj  7  .  JS’rP 

Then  the  amount  of  Sr  due  to  ^  Is  thus 

end  simi iar ly  .for  the  other  variables.  The  percent  change  In  motor  burning  rate 


is  therefore 


xJtO  $  for  each  variable  *Xi  •  These  percentages  are 


tabulated  belowt 


ii-e 


%  Error  In  (r^yg)  due 

■ft  Error  In  Variable 

Va*r  lable,  ^ 

• 

=  All  X  IQO, 
'■avg 

'‘avg  " 

• 

HS-Nozgle  Contraction 

Nozzle  Contraction 

L 

0.04x10“'* 

.0272 

• 

0.0271 

Pc 

5.67x10-“'* 

.1855 

0.185 

C* 

£67.6x10"'* 

266.8x10"* 

2.190 

2.220 

•  • 

Po 

0.00561x10"'* 

0.0001 

0.0001 

•  ^t 

C3.JXI0"* 

]_l  .72x10"“* 

0.0564 

• 

0.1 1  1 

Cl 

1  1  .95x10“* 

0.392 

0.392 

f 

117.5x10"* 

3.850 

-1*952 

% 

6.7000 

6.7620 

- 

• 

• 

• 

• 

• 

It.  Is  therefore  evident  that  the  largest  single  errors  In  motor 

burning  rate  determination  lare  errors  In  propellant  density  and  In  c*  determination. 

•  • 


•  • 


APPENDIX  II;  4. 


Let  /i  » 


radius  R 


Arp  ■  KPg  ;  K  ■  constant 

erl/f  be  the  cylindrical  area  associated  with  a  cylinder  of  mean 


,  and  differentiate  above  equation  with  respect  to  time,  noting  that 
Assume  that  (“  may  be  described  by  ^  ~  <Lp^ 


Then 


C±!M.S 

'p~  dt 


At  a  constant  chamber  pressure,  picked  for  comparison  of  pressure 
JP-O  ,  Therefore  the  variation  of  f  at  this  pressure, 


time  curves. 


t 


II-IO 


4r 


The  last  equation  shows  t^at  the  tost  to  test  percent  variation  In 
^  at  a  particular  chpmber  pressure  Is  equal  to  the  percent  variation  in  the 
slope,  ,  at  that  pressure. 

data  on  m)  resulting  from  the  rocket  motor  tests  reported 
herein  Is  presented  below: 


I 


Medium  Pressure 
Grain  and  0.29' 
Diameter  Nozzle 

Low  Pressure 
Grain  and  0.359'* 
Diameter  Nozzle 

'■ 

900 

2.32 

1.07 

900 

2.72 

.  - 

900 

•  1.24 

900 

2.85 

• 

900 

z.-s 

900 

2.2 

• 

« 

600 

1.75 

600 

• 

0.90  . 

600 

2.22 

600 

0.98 

600 

•* 

2.1 

600 

0.93 

600 

1.52 

• 

1 

t 
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APPENDIX  III:  I.  Calculation  of  Radiant  Enern.v  Flux  to  Grain  Buralna  Surface 

•  « 

To  approximate  the  amount  of  heat  transfecred  back  to  the  flame  of 
the  burning  hollow  charge  of  a  solid  propellant  due  to  the  core  of  hot  exhaust 
gases  we  may  use  the  equation  *  ___  j 

j  -  S(r  '^ 

According  to  Reference  (7),  the  quantities  of  significantly  radiating 
exhaust  gases  are:  ^  0.383  moles  CO2 

2.067  moles  CO 
1.583  moles  H2O 
0.975  moles  HCI 

In  a  total  number  of  moles  of  products  of  6.483. 


Assume  that  the  height  of  the  grain  in  question  Is  5  Inches  with 
on  Inside  diameter  of  2  3/4  Inchds.  The  equivalent  radius  is  given  by 
Reference  (16)  as 


For  the  concave  groin  surface  area. 


0.?83  .  Q,osft 

Pt 

Q.m 

^  = 

Pt 

Pf’co  , 

Z0(,7  ^  OJlf 

Pr 

6.<i83 

- 

Pr 

• 

0:2I£  ^ 

^493  . 
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Fmissivltv  for  Pure  Gases  -  Estimation  (Reference  .12) 

5  /ffWv 

^ ll-exr(rkfPJt)\  — 

+  Ih  eKfl-krol’^)'] 

fp(y>)Jt> 


•  »  «  »  4-  > 


^  eKpi-kpPJlYl 6 p  f  expL-kfoP-k)]^Fo  ^ 


t  i  %  t  t  « 


where  is  average  absorption  coefficient  for  /  vibration  rotation 
bandj  P  »  partial  pressure  of  absorber,  and  =  optical  path  length, 

/ _  2.^(  ‘  I  K.AS>\  -  ‘^oi 

.  n  j  \ 


k  Z  2- ( 

■f  J  A)) 


_  ^Oz 

/n/^0  ^ 


^v. 


(\-=9P>-fZ 


where  O^^o^ls  the  integratfeU  ab'Sorptlon  coefficient. 

There  is  a  restriction  that  R,PM  but  the  same  equatjons  may  also  be  used 
when  the  total  pressure  Is  high  as  proved  using  Elasser's  theoretical  treat- 
ment  for  equally  Intense,  equally  spaced  rotational  lines.  We  may  also  write  ’ 


that 


Hence: 


/  ,  ,  ^oi  ^  M  ,  ZlULlil mkc^ 

Adi-CAJ.  '  .  A\)  .  .  ^  7"  cCPAiA, 


•¥0^1 

,  IL  (%)  •  Jk~, 

A^fi^anCX)  KfotT^  ^ 

A>o.  a  ^  affJktr/nofiic'tiy  £otfs^^  of 


-"SStF^ZZZ. 


Kf(30o)'  '■!li‘<'‘^^"M‘i<^‘ 

2M  C0t-  JJf/o  seZ 

fC/^CSOo)  r  O^Wa/mY^ 

j^f:r(300o)  *  0.i2C  cr^m) 


kfO  ^Soo) 


^Oi(T;)  f.S'^KiO* 


ZI3'<>3XtO 


Kca  i,3o^  ■■  0>  OZ4/  C^m  <rft^ 


vy;;;; — T^ 

l(c  (soco)  >  I.SS’Kf  O^ 
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Compare  at  two  pressures,  500  psi  =34  atm  and  1000  psig  *=  68  atm. 

P^o  »  O.  S/*? 

?p1T  ' 

,  • 

Optical  Path;  =  0.2  ft  to  cylindrical  surface 

•  • 

2.17  ft  atm  -  (2.17)  (12x2.54)  -  66.2  cm  atm 
4.34  ft  atm  “  132.4  cm  atm 


Reference  (12)  gives  data  for  CO  partial  emlsslvltles  at  values  of  5  ft  atm. 
Hence  calculate  at  this  points 

-frzecaK  6p  ^0.03  o.on 

c  o 

(^T  )  ^  \ 1^132.4^0. 63 

^®//Ooop*i  0  J 


r /Ooop«i 

Z3oo^i< 


0,0  3  fo»Oo/6  7 


^-r  -  0-03t7  *  /ooo  a^y  ZS0O*K 

,Co  *  '  ' 


W®  may  not®  how®v®r,  that  th®  band  width  does  not  rapidly  change  with  elevated 


total  pressure  and  relatively  high  values  of  absorber  partial ‘ pressure.  Hence 


/ 

'Co 


the  emissivlty  of  CO  at  500  psig  may  i>e  estimated  using  the  same  data  for  tfv 

/  ’ 
and  at  1000  PsIg.  " 

’’yco 

.  p-  ej(p(-o.itixU.2^o.c3  /  £/-  exp(-at8fx/o^x6i.z]o.o7 

«.  0.  6295T  y-  o.  00089 

6j  0.030  4  ^^S2>Of£t  atJ  ZSOoX 


Calculation  of 

Reference  (I2>  shows  th^  /it)  for  HCI  may  be  directly  calculated 
from  spectral  data  providing  Kp  Is  known  by  the  equation 

'  0-37e)^ 

where  is  the  anharmon I  city  constant  of  the  HCI  molecule.  The  value 
7e  may  be  computed  as  being  1.793x10"^,  (15). 

Kfo 

Kf 

2/ 


Kp  ’  ,  II.SS»o  (cm aU.f 

KpQ  *  ZOJ KfO^ 


in-6 


»  6",/^  <rfm 

PP'  •  il\  *  ffaiw,  *  ^/•5’ 


Total  Pressure  of  500  psl; 


I  /-  exp('-lJ^3x/~o^f<ii3)]o.o7 
^  o.o3ie 


■h 


v 


eAf>(-i-  o7k//kS/^]0J7Z 


Total  Pfiissure  of  1000  psi: 

*  I  ^  '  eAp(-/,l3^/(W>iiZ.(,'^0.07  -f-  J_l^  -  7.07Mi0^KCZ.  0.772 

6~r  =  0.0379 

>HCZ 


Hoat  transfer  ca  leu  I  ut  I  on  ^  P^'^tOO^pH 


P,.-  SUcim 


^CO.r 


'iW 


C^'^f.3 


«»o 


«  O, 


'•  ^Cf>rrm<. Cr  7^0 tt^jCO^  TegcTAfr 


a/1  JO(k)^O.H72 

7U 
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Now  compute  a  for  500  dsIq.  aad  2000°K; 

^  *co^  * 


From  extension  of  Hottel  charts,  a4jSOC(f^^ 


-/Vo 


l^aO' 

0,0^4  * jSt>0^°l^«nJ  m  ^oU*t 


Correction  Is  determined  from  (14). 

Pr  =  3^..Wo^» 

PPh.cJ?* 


Hence  ext_rapolatlon  for  correction  factor  from  Reference^(  14) 

•  • 


gives  ^t.A 


U  6-r  ^  0.1 3  z 

'-^0 


PP 

from  Reference  (|4)  Is  determined  for  '  * 


The  corrections  for  having  both  CO2  and  H2O  present,  calculated 

sO.ectf’ 

PPco,t 

^T-/e  v'=  O.OiSZ^ 

^  ■"  0,M^ 

*ltxO 

6 j-cr^ 

J  =■  S‘/.0  ^  \ 
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APPENDIX  III:  2.  Prod let Ion  of  Radiant  Energy  Received  bv  Radiation 
Thermocouple  Dying  Motor  lest  and  Comparison  with 
Experimental'  Results 


from  the  hemisphere  of  radiating  gas  Hj .  Total  heat  transferred  to  A|  by 
cylinder  Cj  Is  the  same  as  heat  transferred  by  equivalent  hemisphere  of 
radiating  gas’H2.  For  purposes  of  computing  the  heat  transferred  to  elemental 
area  Ap  from  elemental  area  A|,  we  are  only  concerned  with  the  normal  radiation 
Intensity  through  area  A|  due  to  the  cylinder  of  gas  C|.  This  normal  rad Tat Ion 
Intensity  Is  Identical  to  the  normal  Intensity  due  to  the  hemisphere  Hj . 

The  total  heat  radiated  from  the  cylinder  C|  equals  the  total  heat 
radiated  from  the  equivalent  hemisphere  H2  but  the  normal  Intensity  from  Cj 
Is  the  same  as  the  normal  Intensity  frqm  Hj .  Since  the  heat  transferred  to 
the  area  Ap  Is  a*  function  only  of  the  normjvl  IntensJty  from  Cj,  we  need  only  • 
compute  the  normal  Intensity  of  the  hemisphere  Hj 'to  compute  the  heat  transferred 
to  Ap.  This  normal  Intensity  Is  defined  as  the  heat  transferred  to  A|  divided 


Ill-® 


by  TT  •  calculation  Is  as  follows  for  a  total  pressure  of  500  psi  and  a 
flame  temperatune  of  2600*^Km  The  radius  of  H,  is  assumed  to  be  7.2  inches. 


calculation:  pp  s  4,Of 

COgx^ 

=  o,o7^y 


Q  calculation; 


ioo 


Pf^  Rp  s  «/m» 


^  calculation  for  combined  ^  Pj  and  /f^  O  i 


^^calculation: 


jj^p  “  O.bZ^ 

Kco  *  (cm  tffm) 


PPco  ^  fiafnp  17%  0 


“  ll -exp ('■0,(^4  A/yy)Jo.cs  fll-exp(''l.8£kio*Kft^)]o.07 


6^^  »  0.032^ 


III-IO 


calculation:  jCp  *  //•  3^^/^ 

*  K  •  t.o7iirc* 


PFjicji*  t.  •  3’.a7  /V#4«r 


l/->  ex/>^/.^^iiJ(/o*x9jjr)Jo.o7  /■  f/-  ex/>(-f.o7J(/oif7s-)j0J7i 


Total  Emissivity,  Heat  Transfer,  and  Normal  Intensity: 

^  ^Mcje 

^  0.3ZI 

cj.  6rT/.. 

.  <j  -  113  Yvo^i/^nt*- 

L,^J-,  =  3^,0  Wa^cn^ 

TT 
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We  are  now  In  a  position  to  predict  the  heat  transfer  that  a 
receiver  would  experience  when  placed  In  the  same  position  as  the  receiver  In 

k  * 

the  experimental  apparatus  shown  in  Figure  26.  The  area  which  the*radlation 

e 

tnermocouple  sees  is  approximately  described  by  the  extreme  rays  of  the  aperture 

*  e 

system.  This  diameter  Is  0,0904  inches  or  0.23  cm/  and  the  associated  area 
Is  0.0414  cm^. 


The  radiant  heat  transfer  to  the  radiation  th5rmocouple  measured  by 
experiment  Is  •  This  may  be  converted  to  giving  the  radiation  per 

steradlan  received  from  the  emitting  surface  Aj  through  the  solid  angle 


as  fol lows: 


■  ^ 


The  average  (%)  at  approximately  500  psi  experimentally  found  using 
KBr  optics  is  275 

e 

which  Is  of  th*e  same  order  of  magnitude  as  predicted.  It  Is  reasonable  to 
assume  that  the  method  u§ed  to  compute  emissivltles  and  heat  transfer  by 
radiation  to  the  grain  surface  Is  approximately  correct. 
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APPEM)IX  IVj  Burning  Rates  Determined  from  Strlinds  of  Composite. 

Solid  Propellant 

« 

1.  Technique  Development 

In  the  research  done  on  strand  burning  rates  previous  to  the 

period  starting  In  the  fall  of  1958,  there  was  a  relatively  large  amount 

of  scatter  in  the  data  and  the  rate  at  which  propellant  strands  could  be 

made  was  low.  Beginning  In  the  fall  of  1956,  it  was  decided  to  undertake 

an  examination  of  the  radiation  from  the  flame  of  a  solid  propellant  strand. 

It  begame  desirable  to  Insure  the  uniformity  of  the  propel  I  ant  .strands, 

« 

Increase  the  quantity  of  strands  that  could  be  made  at  one  time,  and  Improve 

the  design  and  operation  of  the  strano  burner.  These  developments  would 

•  • 

increase  the  rate  at  which  data  could  be  obtained  and  reduce  the  scatter. 

The  necessary  techniques  were  mainly  developed  by  D.  W.  Blair,  (2),  with 

some  help  from  •the  author.  * 

.  • 

2.  Strand  Burner  Design  and  Operation 

i 

The  original  strand  burner  design  was  modified  by  the  Introduction 
of  a  stainless  steel  tube  or  chimney  surrounding  ttra  propellant  strand,  see 

Figures  I  and  2.  The  purge  gas  (nitrogen)  flows  Into  the  chimney,  up  past 

•  • 

the  entire  length  of  the  strand  and  Is  exhausted  at  the  top  of  the. chimney. 
Flow  rate  of  the  purge  gas,  of  the.  order  of  3  ft/sec  was  controlled  by  means 
of  a  metering  valve  having  a  micrometer  control  pi  lowing  precise  adjustment  of 
the  orifice  opening.  The  purge  gas  flow  was  laminar  at  least  up  to  the  level 
of  the  burning  surface  of  the  strand.  The  chimney  was,  originally,  to  purge 
effectively  the  strand  combustion  products  without  disturbing  the  flame’ 
structure  In  order  that  the  radiant  energy  emitted  by  the  propellant  flame 
might  be  observed.  Tfie  use  of  the  chimney  greatly  reduced  the  scatter 


of  burnlngirate  data  and  was  ii}corporated'in  al  I  strand  bur^nlng  rate 
equ I pment . 

Ignition  lias  accomplished  by  means  of  a  wire,  passing  through  the 
top  of  the  strand,  which  Is  heated  electrically  until  enough  heat  Is  , 
transferred  to  the  strand  to  cause  ignition.  The  burning  surface  of  the  strand 

e 

progresses  counter  to  the  purge  gas  flow  in  the  chimney.  A  water  system  was 
installed.  Figure  I,  and  quench  tests  showed  that  when  the  Ignition  wire  was 
carefully  placed  very  near  the  strand's  top  and  along  a  diameter  of  the 
strand,  the  burning  surfaces  obtained  with  the  upward  purge  were  quite  fiat 

and  perpendicular  to  the  strand  axes.  Figure  3.*  The  burning  rate  of  the 

•  •  • 

strand  was  obtained  by  placing  fusible  wires  at  known  distances  along  the 

strand  and  connecting  the  wires  to  a  clock  circuit.  The  melting  of  the  wires 
stopped  the  associated  clocks  and  hence  the  recording  of  elapsed  time. 

The  possible  errors  In  the  system  for  obtaining  strand  burning  rates 
were  closely  Investigated  at  a  standard  pressure  of  500  psig.  Variation  in 
purge  velocity  in  the  chimney  ranging  from  0.'6  to  2.0  ft/sec  did  not  affect 
the  burning  rate  detectably.  Purge  gas  for  all  pureburnlng  rate’tests  was 
N2  but  for  radiation  studies,  up  to  \0%  O2  was  added  to  get  rid  of  the  smoke 
In  gas.  The  effect  of  O2  concentration  was  Investigated  and  found  to  be  well 
within^ the  statistical  scatter,  up  to  pure  air  concentrations.  The  stahdard 
burning  rate  determination  method  was  to  use  strands  inhibited  on  their  surface 
with  two  coats  of  Testor's  Butyrate  Dope  (Blue)— a  model  airplane  lacquqr,plus 
two  coats  of  Bakelite  V.Y.L.F.  plastic  In  methylene  chloride.  Checks  of 
Inhibited  and  uninhibited  strands  at  100  psIg  showed  no  significant  difference 
In  burning  rate  or  in  standard  deviation  of  five  runs  for  each  strand  t’ypa. 

The  effect  of  strand  diameter  In  7/16  Inch  and  1/4  Inch  strands  was  tested 


at  500  psig.  The  7/16  Inch  diameter  strands  showed  a  5%  Increase  In  burning 
rate  (;ver  the  1/4  Inch  strands.  This  might  be  expected  from  the  decreased 
convective  heat  loss  as  the  strand  diameter  Is  Increased. 

3.  Strand  Manufacture 

Strands  were  manufactured  by  mixing  the  propellant  under  vacuum  and 
extruding  the  uncured  propellant.  Thp  uncured  propellant  was  placed  In  the 
extruder  reservofr  under  .vacuum,  and  extruded  Into  wax  molds  from  which  srtrc^nds 

were  removed  after  curing  was  completed.  Figure  4.  When  coarse  oxidizer 

.  • 

particle  size  was  used,  a* settling  of  the  oxidizer  particles  was  noted  when 
the  strands  were  cured  with  the  molds  constant!/  in  one  position.  This 
was  avoided  by  constantly  rotating  the  strands  about  their  horizontal  axis 
during  the  curing  time.  The  possible  effect  of  a  separation  of  the  fuel  and 
oxidizer  at  molded  surfaces  was  checked  by  casting  the  propellant  Into  a 
1x5x7  Inch  block  and  cutting  out  1/4  Inch  strands  after  curing.  At  500 
psIg  the  cut  strands  having  at  least  one  molded ‘surface  had  burning  rates 

e 

Identical  with  those  of  a  standard  cast  strand  but  the  strands  cut  from  the 
inside  of  the  block  had  a  1%  lower  burning  rate.  It  was  suggested  that  there 

e 

was  a.  separation  of  the  fuel  and  oxidizer  at  ar molded  surface  with  the  * 
resultant  higher  oxidizer  concentration  within’the  strand,  resulting  In  the 
higher  burning  rates  of  the  extruded  strands,  but  there  Is  no  direct  proof  for 

*  e 

this. 

«  • 

4.  Sources  of  Random  Error 

The  preceding  section  dealt  with  the  systematic  errors  Involved  In 

e 

measuring  the  burning  rate  of  solid  propellant  using  the  modified  strand 

burner.  The  sources  of  random  error  were  uncerl'a I nt I es  in  pressure  on  the 
«  •  •  • 
burning  surface  of  the  strand.  In  filming  wire  placement,  In  timing  clock 


relay  response,  In  the  limits  of  clock  reading  accuracy,  in  the  Initial 

strand  temperature,  and  In^thecuhlformityof  ' propel  lant.  Webb'(3) 

gives  the  random  scatter  due  to  these  effects  as  3.7^;  3.0;^  of  this  scatter 

Webb  attributed  to  propellant  non-uniformity.  However,  present  propellant 

formulation  and  strand  manufacturing  techniques  were  more  closely  controlled 

•  • 

than  those  of  Webb  and  the  random  scatter  due  to  propellant  non-unIformIty 

was  reduced  to  - \,0f  or  less.  .  Taback  (4)  found  that  his  known  sources  of 

« 

error  other  than  propellant  non-uniformity  accounted  for  1.5  to  scatter 
over  a  pressure  range  of  30-1500  psig,  while  his  experimental  scatter  was 
approximately  twice  that  amount.  Using  the  chimney  purge  strand  burner; 
extruded  strands,  and  great  care  In  the  drilling,  trimming,  and  getting  of 

the  stmnds.  In  the  burner,  I  was  able  to  hold  the  scatter  of  data  In  a 

«  • 

complete  burning  rate  versus  pressure  curve *(30-1 500  psIg)  to  1^  standard 

deviation.  That  Is,  the  standard  deviation  aj  any  test  pressure  divided 

•  • 

by  the  average  burning  rate  from  5  runs  at  that  pressure  was  1$  or  less, 

•  • 
which  Is  well  within* the  Identifiable  random  errors. 


APPENDIX  V; 


Motor  Firing  Procedure:  About  fifteen  minutes  prior  to  firing i 
the  grass  area  subjected  to  the  rocket  exhaust  was ‘wet  down  by  a  sprinkling 
system,  to’ prevent  fire.  During  this  time  the  motor  was  prepared  for  firing. 
The  combustion  chai^ber  was  securely  mounted  In  a  pipe  vise  and  the  grain 
spacer,  grain,  and  igniter’were  glaced  Inside.  From  this  point’the  test 
cell  warning  buzzer  was  activated  to  warn  personnel  of  an  Impending  motor 
test.  The  nozzle  was  then  Inserted  In  the  nozzle  plate  holder,  the  holder 
screwed  into  the  combustion  chamber,  and  tightened  with  a  wrertch.  It  was 
found  that  a  light  coating  of  oil  on  the  sealing  surfaces  In  contact  with 

the  metallic-asbestos  gasket ^prevented  seal  surface  scoring  and  Insured  a 

•  •  • 

good  gas  seal.  An  electrical  safety  plug  was  then  nemoved  from  the  Igniter 

•  • 

firing  circuit,  cutting  all  electrical  power  to  the  circuit.  This  plug  was 
then  personally  carried  by  the  operator  during  all  further  preparatlona  for 
firing  and  not  reinserted  in  the  circuit  until  the  firing  sequence  was  begun. 

The  prepared  motor  was  then  mounted  on  the  thrustmount,  the  Igniter 
wires  connected  to  the  Igniter  firing  circuit,  the  exhaust  product  quencher. 

put  In  place,  and  the  water  turned  on.  The  exhaust,  product  quencher  was- 

,  • 

simply  a  one  foot  diameter,  stainless  steel  tube  with  an  internal  water 
spray;  Its  purpose  was  to  absorb  the  gaspous  HCI  In  the* rocket  exhaust  to 
prevent  adjacent  personnel  from'  breathing* the  fumes.  The  motor  was  then 
ready  for  the  firing  Sequence  and  the  personnel  In  adjacent  test  cells 
were  warned  of  an  Impending  test.  * 

n  * 

The  igniter  arming  plug  was  inserted  in  the  supply  line  from  the 

•  •  • 

24V  DC  power  source  and  the  Igniter  power  switch  turned  on,  partially 
arming  the  Igniter.  The  Igniter  power,  supply  v«as  then  diverted  through  a 


high  reslstanco,  causing  4.5  ma  to  flow  through  the  igniter  and  register 

• 

on  a  ml  1 1 lammeter  cn  the  control  panel.  This  tested  continufty  In  the 
Igniter  squib.  A  switch  cutting  out  the  high  resistance  wafs  theq  turned  on 
and  the  igniter  circuit  was  fully  armed,  broken  only  by  the  normally  open 
firing  switch  and  the  rocket  was  completely  ready  for  testing,  Figure  14. 

Thirty  seconds  before  closing  the  fire  swtjch,  the  test  cell  siren 
was  turned  on  and*at*mlnus  five  seconds  the  Ester  I  ine**Angas  chart  drive  was 
turned  on.  After  thirty  Seconds  of  siren  noise,  the  fire  switch  was  ciosed, 
allowing  2  amperes  to  flow  through  the  Igniter  and  Instantaneous  Ignition 
occured.  After  completion  of  the  test,  siren,  warning  bTIzzer,  and  exhaust 

e 

•  • 

product  quencher  were  turned  off.., The  motor  was  then  allowed  to  cool  and 

e 

disassembled. 


CHIMNEY  STRAND  BURNER 


fIGURE  I 


STRAND  BURNER  WITH  STRAND  IN  PLACE 


FIGURE 


FiGURE  3 


TYPICAL  STRAND  BURNING  SURFACES ,  3UEMCHED  BURMINu 


.WA)(  MOLDS  FOR  EXTRUDED  STRANDS 


.  BURNING  RATE  VERSUS  PRESSURE  FOR  STRANDS 
OF'  AP80>20  ROCKET  MOTOR  PROPELLANT 


EXPLODED  VIEW  OF  BURST  DISC  ASSEMBLY 


FIGURE  9 


THRUSTMOUNT  ASSEMBLY 


SCHEMATIC  OF  RADIAL  BURNING  MOTOR 
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FIGURE  10 
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GRAIN  MOLDS ;  EXPLODED  AND  ASSEMBLED  MOLDS 
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FIGURE  13 


INHIBITOR  MOLD 


ROCKET'  MOTOR  COMBUSTION 
WATER  QUENCH  SYSTEM 


FIGURE  15  * 


FIGURE  16 
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FIGURE  16 


TYPICAL  ROCKET  MOTOR  PRESSURE 
-TIME  RECORDER  RECORD 


TIME,  SECONDS 


FIGURE  20 
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FIGURE  21 


Strand  burner  for  radiation  measurement 

FIGURE  22 


SCHEMATIC  OF  RADIAL  BURNING  MOTOR 
WITH  RADIATION  RECEIVER 


FIGURE  23 


APERTURE  DIAMETER  -  0.359 
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